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Abstract
This work investigates the contribution modelling makes when integrated into the pilot
plant development stage of a new synthetic aggregate manufacturing process. The pilot
plant is based around a novel rotary kiln, unique in design from standard kilns. The kiln
has a trefoil cross sectional profile and a low thermal mass. A dynamic simulation
model of the kiln was built to simulate the thermal behaviour of the pilot plant and the
movement of the pelletised aggregate as it travels through the kiln drum.
As part of the preliminary work, a measurement and data acquisition subsystem was
commissioned to allow data collection from the pilot plant. Preliminary closed loop
control investigation was used to facilitate an initial exploration of process behaviour
and redesign of the kiln structure prior to the commencement of model development.
Based on the insight retrieved from these initial investigations, a modelling strategy was
adopted for the pilot plant. The pilot plant simulation model was developed in three
parts.

The first part of the model simulates the combustion of natural gas with

dissociation in the kiln burner. The second part of the model simulates the thermal
dynamics of this high temperature kiln. The third part of the model simulates the
movement of pellets as they travel through the kiln. Each sub-model was critically
designed to include suitable signals that allow the interconnection of the three disparate
model parts to form the pilot plant model. Parameters of the model were determined
using a combination of physical pilot plant measurements and data retrieved from
experiments performed on the pilot plant using the data acquisition system.
The pilot plant simulation model was used to investigate the operation of the pilot plant.
The energy utilisation of the pilot plant during start-up was examined, for a range of
operating conditions. A pellet loading strategy and a pilot plant running strategy were
developed for the pilot plant using the model operating under closed loop control to
establish baseline operating performance data.
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Chapter 1 General Introduction to the Thesis
1.0 Introduction
This research investigates the operation of a novel trefoil rotary kiln pilot plant used
to recycle industrial waste into aggregate, suitable for use in high tensile concrete.
The process is based around a completely new type of high temperature ‘trefoil’
rotary kiln, which is being used to investigate a range of waste materials suitable for
conversion into synthetic aggregate. The aim of this thesis is to develop a dynamic
simulation model of the pilot plant trefoil rotary kiln to understand the behaviour and
the range of operation possible. To achieve this aim, the pilot plant has been
automated to generate operational data allowing process assessment, model
validation, and environmental analysis. The pilot plant simulation model has been
designed and validated using the pilot plant.
The pilot plant model developed for the kiln is implemented in Simulink [Simulink
User’s Guide 2006]. The model has three main parts, a gas combustion block, a kiln
thermal distribution block and a materials transportation block. In developing the
kiln model, three disciplines within engineering have been brought together to model
the different aspects of the pilot plant. Gas combustion chemistry with dissociation
forms the basis of the gas burner combustion model block, used as the heat source
that drives the kiln thermal model. Radiant heat transfer modelling of the heat
transfer from the gas flame to the kiln interior is developed for the kiln thermal
block. The trefoil kiln is unique in its internal geometry and first principles had to be
applied to the kiln to account for the radiant heat transfer between all parts of the
kiln. Granular transportation within rotating equipment is used to account for the
movement of the materials through the trefoil kiln and the interaction between the
bed material and thermal model. Again, the unique trefoil profile of the kiln has an
effect on the movement of the materials bed as it rolls and is modelled by the
materials transportation block.
The contribution of this thesis is the development of the simulation model. The three
subject areas within the model are integrated to form the pilot plant simulation
model. This model allows the range of operation for the pilot plant to be found and
to the best approach for operating the kiln during start-up, loading and running. The
data generated by the model is used by the pilot plant operations team to assess the
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performance of the pilot plant as a viable way of treating waste from an
environmental impact assessment stance.

1.1 Goals for the Pilot Plant
The requirements of the users of the pilot plant lie in the area of assessing the trefoil
rotary kiln process as a suitable way of treating waste. Life Cycle Assessment
(LCA) of the pilot plant novel recycling process assesses the environmental burdens
of manufacturing synthetic aggregate, including energy utilisation, to determine
suitability of the process as a viable recycling alternative [Barton et al 2001]. EC
directive on Integrated Pollution Prevention and Control (IPPC), 1996, places a
requirement on the operators of waste treatment processes to operate the process
using Best Available Techniques (BAT). In order to get an operating licence for a
commercial scale version of the process, the operators must show that this multifunctional waste conversion process meets BAT requirements at a pilot plant scale.
This is achieved by measuring the performance of the process using key
environmental indicators including fuel consumption, materials diverted from
landfill and the use of the manufactured aggregate as a replace for mined aggregates.
These are recently introduced constraints on the operation of waste treatment
processes and are reviewed on an on going basis. The trefoil kiln process is capable
of processing many waste streams, and has no defined waste treatment process type
category, by which it can be judged.

The pilot plant operations team in the

University of Leeds need to assess the pilot plant operating on a continuous basis, to
generate data on the process feasibility, environmental benefit, cost, and
cost/environmental benefit ratio analysis.

Data generated from the pilot plant

provides a framework that may be used to argue BAT status when submitting the
process to committees drawing up waste related BAT notes [Schneider 2002].

1.1.1 Achieving the Pilot Plant Goals
The BAT indicators used to assess the trefoil kiln pilot plant are outlined in
figure 1.1. The quantity of waste in the pellets is measured and compared with the
energy used by the pilot plant to convert waste materials into usable aggregate. The
quality of the aggregate produced by the pilot plant is in part defined by the
operation of the pilot plant. Aggregate quality defines the type of virgin aggregate it
can be used to replace and this indirectly reduces mining impacts on the
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environment. The environmental burden assesses the emissions produced by the
process to the atmosphere for the energy used. The residue waste produced by the
pilot plant measures the wastage that the process produces, during start-up and
operation.
Pellets

Energy

Pilot Plant Kiln

Residue
Waste

Synthetic
Aggregate

Environmental
Burden

BAT/LCA
Figure 1.1. Overview of BAT indicators for a waste treatment process.
The relationship between the five indicators, outlined in figure 1.1, is not
straightforward. For example, the relationship between residue waste, synthetic
aggregate produced, and energy used in the conversion is a direct function of pilot
plant processing conditions. One of the objectives of the present work is to provide
a platform from which the analysis of these relationships can be made.

The

objective is not to provide the best available technique, but rather to provide the
means of defining and measuring the relationship between the BAT indicators, such
that the pilot plant operators can make judgements on the best available techniques
to use. The proposed relationship between the BAT indicators shown in figure 1.2,
providing information on how the pilot plant may be operated is:
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1. Modelling the pilot plant process.
2. Automating the control of the pilot plant process
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Figure 1.2. Defining the relationship between the five BAT indicators using
modelling and control.
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Work conducted in this thesis to measure and define the relationship between the
BAT indicators is highlighted in red, in figure 1.2. The integration of modelling and
simulation at the pilot plant phase allows the plant operating conditions to be found
through simulation. During the development stages of the pilot plant model, model
validation provides an understanding of the critical subsystems within the kiln. The
interaction between these kiln model subsystems and the construction of the
complete plant simulation model, enhanced by validation testing, provide detailed
insight into the dynamic performance of the overall pilot plant. The pilot plant
simulation model permits the performance of the pilot plant to be quantified based
on data results generated and provides a platform on which process may be assessed
using LCA/BAT analysis.

1.2 Background to Synthetic Aggregate Manufacturing
Management of industrial waste materials, by means other than landfill disposal,
demands continual improvement to current technologies and calls for new and novel
ways to solve the problem of waste treatment [Wainwright and Cresswell 2002].
One treatment route is waste derived product manufacturing. The challenge with
this approach is to demonstrate that the environmental burden of processing waste
into a new product is more attractive than landfill and is as attractive as or better than
other existing treatment options. European Pollution Directives (EPD) [2000/39/EC]
strictly regulates the framework restrictions a new process must adhere to, based on
four criteria: the waste materials used, the final product manufactured, the process
equipment type, and the quantity of materials processed per day.
The first phase in developing a novel waste treatment route is to validate the process
using bench-top scale laboratory equipment. Bench-top process testing determines
suitable waste materials for use in the process, the process parameter ranges of
importance and the effects these have on the finished manufactured product. It
addresses the first EPD criterion by determining the suitability of waste materials for
treatment in the process. However, the small scale of the process makes final
product testing analysis difficult. The lack of process data makes it impossible to
correlate with exact process parameters. The environmental burden and energy
utilisation of the full-scale process running continuously is impossible to gauge
based on bench-top testing.
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The second phase of development, piloting the process on a reduced scale, addresses
the three remaining EPD criteria. The pilot-scale plant bridges the gap between
bench top testing and full-scale commercial plant. The pilot plant provides data for
design validation, product quality analysis, process dynamics evaluation, materials
throughput analysis, operational cost forecasting, energy consumption predictions
and environmental burden assessment. It facilitates process modifications or
redesign if required, at a fraction of the cost of modifying a full-scale plant. The size
of the pilot plant is sufficiently scaled to provide a clear insight into the performance
and behaviour of the full-scale plant. The pilot plant developed in this thesis was
designed to generate sufficient quality data for use in a BAT, IPPC and EPD
assessment of the process.
To date, bench-top trials have established a range of raw materials of interest,
including sewage sludge cake, Pulverised Fuel Ash (PFA), granite stone washings
and canal dredging [Wainwright et al 2001].

Such materials are mixed, then

pelletised and finally heated in a trefoil rotary kiln, to form synthetic aggregate that
may be used as the main aggregate in concrete. Waste-derived synthetic aggregate is
ideal for use in concrete due to its shape, density ratio and weight [Wainwright et al
2004]. Quantities of synthetic aggregate produced using the bench-top process,
while sufficient for simple aggregate testing, are too small to conduct full aggregateconcrete testing. Aggregate testing has established that aggregate properties are
related to the mix of raw materials used and the process conditions within the kiln.
Conditions within the bench-top kiln are poorly understood due to the lack of
instrumentation or measured data. The bench-top kiln had never been operated using
automatic control. Aggregate quality was therefore widely varied between identical
trials. This made it difficult to establish any significant correlation between kiln
operating conditions and aggregate quality [van der Sloot et al. 2001]. Though the
bench-top process provided a good validation of the process, it provided insufficient
data to allow any meaningful BAT assessment of this novel recycling process.

1.3 The Function of the Trefoil Rotary Kiln Pilot Plant
A pilot plant based around the trefoil rotary kiln has been designed to bring the
trefoil kiln synthetic aggregate process through the second stage of development.
The pilot plant has been designed and built for the following reasons:
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1. The pilot plant has been built to produce quality synthetic aggregate on a
continuous basis. This objective requires that the variation in quality is less than 4 %.
In order to achieve this aim, well-controlled conditions are required to allow
meaningful analysis of the quality of aggregate produced, and concrete made from
the aggregate. Over twenty types of pellets, made up of a wide selection of raw
waste materials and blend ratio, have been identified as possible candidates for
processing in the kiln. Only one type of pellet may be processed in the kiln, at any
time, though switching pellets during operation would be desirable. A single type of
pellet made from granite stone washings is used throughout this thesis. Each pellet
type has a unique time-temperature characteristic. The relationships between the
process conditions and the quality of aggregate manufactured are tightly linked, and
the generation of qualitative processing data allows these links to be established and
repeated.
2. The pilot plant has been built to determine the environmental burden of operating
a trefoil kiln based synthetic aggregate process.

The pilot plant environmental

burdens of producing synthetic aggregate will vary between pellet types.

The

operating temperatures and residence time of the pellets is unique to each pellet type.
The pellet residence time is the duration a pellet spends in the kiln. Kiln operating
temperatures relate to the temperature of the kiln walls as the pellets travel through
the kiln.

These conditions are established in an iterative process. Initial trials

establish set points for pellet residence time and kiln temperature.

Continuous

aggregate testing requires approximately 50 kg of pellets converted into concrete and
tested at regular intervals up to a 5-year period to predict the lifespan of the concrete.
This identifies the properties of the finished aggregate used in concrete over time.
Initial 28 day concrete testing establishes the strength classification of the concrete.
A minimum strength is specified for each class of concrete. One of the objectives of
the operations team is to produce an aggregate in the pilot plant that can be made
into concrete that just exceeds this minimum. Adjusting the quality of the pellet
produced in the kiln requires a revised residence time and temperature set point.
During the iterative process, kiln data is used to assess the merits of the relative
change in environmental burden to the change in aggregate properties and concrete
strength.
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Modelling and control at the pilot plant stage has been implemented in this thesis to
help to achieve the aims of building the pilot plant and increase the likelihood of
demonstrating that the pilot plant kiln is a viable waste treatment process. With the
pilot plant operating under control, the pilot plant provides a platform for waste
derived synthetic aggregate materials research. The automated pilot plant operating
data allows aggregate characteristics to be equated directly to kiln conditions and
raw materials variations.

1.4 Trefoil Kiln Research Environment
This thesis project has its origins in work conducted as part of a Framework 4 Craft
Project, BRPR-CT98-5234. The research project partners were Civil Engineering at
the University of Leeds, DIT, and ECN Research Holland. Industrial partners in the
project supplied part of the plant equipment for the pilot plant to Leeds. The theme
of this European funded project was to investigate the feasibility of the trefoil kiln
process in manufacturing synthetic aggregate from waste materials. The remit of
DIT was to design an initial control system for the kiln. This work was completed in
2001 and research work has continued since 2001 in the area of modelling and
simulation of the kiln plant.
The research partners (including this author) have produced a number of publications
from the project and a list of the publications relating to this thesis is outlined below.
[Mc Keever 2002], “Design and Control of a Trefoil Rotary Kiln Pilot Plant”. This
paper was peer reviewed, and accepted as a presentation at the UKACCA
Postgraduate Symposium, 2002. This paper outlines how a pilot plant kiln with no
means of generating data for process analysis was automated and controlled.
[Mc Keever et al 2002], “Synthetic Aggregates from Waste Materials”. This paper
was accepted based on an abstract submission and accepted as a presentation at the
International Materials Conference, in DIT.

The paper outlines the strength of

aggregate produced in the automated kiln.
[Mc Keever et al 2003], “Computational Fluid Dynamics Simulation and
Comparison of the Steady State Reacting Flow Field in a Trefoil Rotary Kiln and a
Cylindrical Kiln”. This paper was accepted based on an abstract submission and was
presented as a poster at an International Symposium on Combustion Processes, in
Ustron, Poland. This paper examines the effect the trefoil kiln cross sectional profile
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has on the flow of gases from the kiln burner system. A comparison is made with a
cylindrical kiln and results presented show that the kilns cross-section affects the
flow through the kiln.
[Mc Keever et al 2003], “Design of a Process to Convert Synthetic Aggregates from
Waste Materials”. This paper was accepted based on an abstract submission and was
presented as a poster at the Matrib Materials Conference in Croatia. The paper
outlines how the bench-top kiln is used to simulate the movement of pellets through
the pilot plant kiln by controlling the temperature of the drum over time with an
automation system. The ratio of waste glass in the pellet is increased and pellet
characteristics results show that the higher the ratio of glass, the lower the required
operating temperature needed to produce pellets with identical characteristics.
[Mc Keever et al 2004], “Integrated Plant, Process and Product Understanding in the
High Temperature Mineral Processing Industry: An In Progress Case Study of
Synthetic Aggregate”. This paper was accepted based on an abstract submission and
was presented as a poster at REWAS 04, Global Symposium on Recycling, Waste
Treatment and Clean Technologies, Madrid, Spain. The paper shows how the kiln
process is used to process waste materials into synthetic aggregate, and was
presented to the waste treatment community to source further streams of waste
material suitable for processing in the pilot plant.
Two other Ph.D. projects are running concurrently with this project, based around
the trefoil rotary kiln pilot plant. The first project examines the relationship between
the synthetic aggregate produced by the pilot plant and waste materials used
[Cresswell 2006]. The second project is conducting a Life Cycle Analysis study of
this waste treatment route using the kiln, to compare the environmental impact over
the life of the aggregate compared to other disposal routes [Schneider 2002]. This
work is conducted in the University of Leeds, where both bench-top and pilot plant
kilns are located.
One of the industrial partners in the European project, Sherwen Engineering,
supplied the kiln drum and ancillary equipment to the University of Leeds. The
initial pilot plant consisted of the kiln drum and frame, a motor, a burner and burner
housing. The pilot plant had no control system. A gas flow manual dial was used to
adjust kiln temperature via the gas burner. The temperature was read using a hand
held pyrometer. This allowed basic aggregate manufacturing on a batch basis only.
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In this thesis, a fully automated industrial standard computer control system, that
allows both temperature and residence time to be controlled, has been designed and
added to the pilot plant.

This automation system includes instrumentation and

actuators to allow the operations team in Leeds to operate, monitor and data gather
when conducting aggregate trials using the pilot plant. The automated kiln provides
operating data to measure the behaviour of the pilot plant and to allow the process to
be modelled and controlled.

1.5 Trefoil Kiln Modelling and Control Problem
The dynamic response of a trefoil rotary kiln is significantly faster than a cement
kiln due to the low thermal capacity of the trefoil kiln and its significantly reduced
size, having a time constant of the order of minutes rather than hours. The dynamic
coupling between the materials in the trefoil kiln and the trefoil kiln temperature
makes control of the trefoil kiln temperature difficult. The pilot plant control system
is used to control two variables, the trefoil kiln longitudinal temperature profile and
the mean residence time of the pellets discharging the trefoil kiln. The trefoil rotary
kiln is subject to a number of modelling and control problems:
•

The trefoil kiln process is a non-linear process. The process thermal dynamics

vary non-linearly over the operating temperature range of the kiln.
•

The kiln residence time dynamics behave as a first order non-linear process with

controllable dead time.
•

The pellet flow system is dynamically coupled to the kiln thermal dynamics.

The kiln thermal dynamics vary with pellet bed weight.
•

The process is a Multiple-Input, Multiple-Output (MIMO) system. The kiln

temperature loop is controlled through two variables, the gas fuel valve and the
combustion air fan. The pellet residence control loop is also controlled by two
variables, the pellet feeder motor and the kiln motor.
•

The exhaust gas emissions produced by the kiln vary non-linearly with fuel/air

ratio.
•

The process must operate within tight constraints to ensure the pellets don’t

clinker and stick together. Clinker occurs when the pellets reach their melting point.
However, normal operating temperatures of the kiln are only 30 K below this point.
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•

The individual control loops must compete with each other in an attempt to

achieve individual control objectives. A change in pellet feed-rate affects the kiln
temperature.
In this thesis, two Proportional plus Integral plus Derivative (PID) controllers are
used to establish baseline measurements of the performance of the pilot plant under
control. This control is used in testing the pilot plant to allow information to be
gathered about the behaviour of the pilot plant, and to allow initial aggregate testing.
Data gathered is utilised in a baseline BAT analysis of the pilot plant operating under
control.

1.6 Research Problem
The research problem addressed in this thesis lies in the areas of pilot plant design,
modelling and development. In this thesis, a dynamic simulation model of the heat
transfer within a trefoil kiln has been developed to understand the heat transfer
mechanisms within the kiln. The transportation of materials within the kiln is
modelled to understand the movement of the pellet bed within the kiln.

The

workload conducted is outlined below.
Design of the pilot plant. The design and installation of a full industrial automatic
control system and associated instrumentation on the trefoil rotary kiln pilot plant
has allowed the plant to operate in automatic mode. Instrumentation provides data
for modelling, process analysis, control implementation and LCA assessment.
Development of a trefoil rotary kiln first principles mathematical model. The model
functions as a process analysis tool to determine the behaviour of the kiln over its
complete operating range, including start-up, loading and normal operation. This
model is able to simulate the performance of the pilot plant for a set of kiln speeds,
pellet feed-rates and burner fuel-air ratios to determine the operation and
performance of the pilot plant for any desired operating conditions. This allows
‘what-if’ analysis of the operation of the kiln, without the high operation costs. It
provides insight into the behaviour of the internal workings of the kiln that may not
be directly measurable with instrumentation. It provides a platform for assessing the
performance of a control strategy for the pilot plant.
Designing a pilot plant operating strategy. The pilot plant kiln has no defined
operating regime. The pilot plant simulation model is used to examine fuel usage
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during the start-up, loading and operating phases of the pilot plant operation. An
operating strategy is developed to minimise the fuel usage during start-up. In the
loading and operating phase, temperature and residence time is controlled to
minimise the pellet wastage during loading. The fuel-pellet conversion weight ratio
is examined to determine an operating strategy to reduce this ratio.

1.7 Contributions of the Thesis
The main contributions addressed in this research can be summarized as follows:
How can the factors that influence the environmental burden associated with
producing waste derived synthetic aggregate using the trefoil rotary kiln pilot plant
be established? This thesis argues that the integration of modelling, simulation and
control at the pilot plant development stage of the trefoil rotary kiln process provides
operating data to explain and measure the environmental burden of the kiln process.
The simulation model in this thesis has been developed to understand how the pilot
plant really works and to provide data to show how to approach operating the plant
efficiently. The research problem addressed in this thesis has been subdivided into
four areas. The contribution of this thesis lies with the approach taken in developing
a simulation model that addresses four distinct features of the trefoil kiln.
1. The combustion and heat generation of the gas fuel burner system – How does
the gas fuel system generate heat and how does the fuel-air ratio affects combustion
efficiency within the burner flame, heat release by the flame and greenhouse gases
produced by combustion. This is answered by modelling the combustion chemistry
associated with stoichiometric and non-stoichiometric gas combustion. The gas
combustion model allows the variation of energy for the process to be related to the
aggregate and environmental burden of the process.
2. The heat transfer from the kiln burner to the gas phase and walls of the trefoil
kiln – The kiln walls are indirectly heated by the burner. Heat is predominantly
transferred by radiation from the gases in the kiln to the kiln walls. The radiant heat
transfer is a function of the shape of the kiln walls and the trefoil cross-sectional
profile affects the relative heat transfer to and from cusp walls and lobe walls of the
kiln. A set of ‘view factors’ that apportion radiant heat transfer correctly based on
the shape of a surface or volume must be established for this new shaped kiln profile.
The kiln thermal model provides an understanding of the behaviour of the dynamic
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heat transfer within the kiln under different operating conditions. The efficiency of
heat transfer defines the environmental burden of the process.
3. The effect the trefoil kiln cross-sectional profile has on the movement of pellets
within the kiln drum – The non-linear passage of the pellet materials between the
lobes and cusps of the kiln, affects the flow of pellets in both the transverse and
longitudinal directions within the kiln. The mean pellet residence time of the kiln
bed is related to the kiln drum speed of rotation and the pellet inlet feed-rate. The
pellet transportation model provides an understanding of how the pellets move
through the kiln and the thermal load disturbance this caused to the kiln.
4. Pilot Plant Operating Strategy – The trefoil kiln pilot plant is being operated and
controlled on a continuous basis for the first time. The quality of the finished
aggregate is a function of two controllable parameters, the pellet residence time in
the kiln and aggregate temperatures reached inside the kiln. These two variables can
now be controlled, as the dynamics of both variables and their interaction is
understood. Using the complete kiln model, an operating strategy for the pilot plant
is proposed to allow the operators to run the pilot plant. This data also allows the
operations team make BAT assessments using the five indicators outlined in
figure 1.1. Providing operational data for the pilot plant, the reasoning behind the
operational approach and quantifying the performance of the pilot plant operating on
a continuous basis allows the operations team make BAT decisions on the trefoil
process and to build their case for IPPC approval.

1.8 Outline of the Thesis
The work conducted during this thesis project is laid out in the logical progression of
the development of the pilot plant model and its use. Each chapter deals with a
specific topic relating to the pilot plant, the pilot plant model development, or the
analysis of the behaviour of the pilot plant using the kiln model.
Chapter 1 General Introduction to the Thesis - This present chapter sets the context
of the research work. It outlines the function of the trefoil rotary kiln pilot plant
model and the objectives and contribution of this thesis.
Chapter 2 Design of a Rotary Trefoil Kiln Pilot Plant - This chapter describes in
detail the background to the trefoil kiln pilot plant, and describes how the kiln was
automated and controlled using a Programmable Logic Controller (PLC) based
system.
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Chapter 3 Designing the Trefoil Kiln Pilot Plant Simulation Model - This chapter
outlines the framework used to develop each part of the pilot plant simulation model.
Chapter 4 Gas Combustion Model – This chapter describes the development of the
gas combustion model, used to simulate the release of heat and emissions from the
kiln burner system.
Chapter 5 Trefoil Kiln Heat Transfer Simulation Modelling - This chapter describes
the design and development of the thermal model of the kiln.

It details the

development of the kiln thermal model from first principles, the modelling of heat
transfer within the unloaded kiln and a comparison of the kiln thermal behaviour
with the performance of the unloaded pilot plant kiln.
Chapter 6 Pellet Transportation Simulation Model - This chapter describes the
development of the pellet transportation simulation model for the pilot plant. The
model was developed using a reduced scale process and then adapted to model the
movement of pellets from inlet to exit of the pilot plant kiln drum.
Chapter 7 Complete Trefoil Kiln Pilot Plant Simulation Model - This chapter
describes the integration of the pilot plant thermal and pellet simulation model, to
form the complete pilot plant simulation model.
Chapter 8 Evaluating the Behaviour of the Trefoil Kiln Pilot Plant Through
Simulation - This chapter describes how the pilot plant model is used to establish the
performance of the pilot plant, during start-up, loading and operating modes. It
examines the efficiency of the process, and the best approach to operating the pilot
plant at steady state conditions.
Chapter 9 - Conclusions – This final chapter of the thesis assesses the research work
undertaken and places the work into context, relating to the future usage of the pilot
plant process and the simulation model.

28

Chapter 2 Design of the Trefoil Rotary Kiln Pilot Plant
2.0 Introduction
This chapter describes the pilot plant used at the centre of this thesis. It details the
function, design, automation and initial control of the trefoil rotary kiln pilot plant.
Synthetic aggregate manufacturing using the pilot plant is described, and the
objectives of the pilot plant are listed. The design of the pilot plant kiln control
system is described to show how the pilot plant was modified to facilitate automatic
operation and to provide operating behavioural data to facilitate process modelling
analysis, operational strategy analysis and closed loop control design.

2.1 Pilot Plant User Requirements
Concrete is a composite material, made up of aggregate filler and a binder of
Portland cement and water. Cement and water chemically react causing the concrete
to cure (harden) over time. Figure 2.1 shows a cross sectional cut through a cube of
concrete made from synthetic aggregate manufactured in the pilot plant kiln.

Synthetic
Aggregate
(Filler)

Concrete
(Binder)

Figure 2.1. View of the inside of a concrete cube manufactured using aggregate
processed in the pilot plant.
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Reactions between compounds in the binder are staged and curing conditions affect
the final strength of the concrete. High strength-to-weight ratio concrete is made
using lightweight aggregates.

The volumetric ratio of filler to binder is

approximately 4:1 with the main cost being attributed to the cement. The cost of
virgin natural aggregate in the U.K. has dramatically increased recently with the
introduction of environmental taxation in April 2002, initiated to encourage
recycling [Aggregates Levy 2002]. The pilot process plant designed in this thesis is
being used to examine ways to economically manufacture lightweight synthetic
aggregate from industrial waste materials, suitable as a replacement for natural
aggregates used in concrete.
The pilot plant operations team are researching three areas relating to the properties
of the synthetic aggregate manufactured in the trefoil kiln. The first area investigates
the suitability of waste materials for conversion to lightweight synthetic aggregate
[Wainwright et al. 2001]. The relationship between raw materials, kiln processing
conditions and synthetic aggregate properties is examined [Mc Keever et al. 2002].
The second research area investigates the characteristics of concrete made using the
synthetic aggregate [Wainwright et al. 2002]. The third area investigates the
environmental burden, including energy utilisation, of converting waste into a reusable product through this type of novel process [Schneider 2002].

2.2 Manufactured Lightweight Synthetic Aggregate
The trefoil kiln is used to convert industrial waste materials into lightweight
synthetic aggregate. Waste materials currently being use are Pulverised Fuel Ash
(PFA), granite stone washings, harbour dredging and mining wastes.

Waste

materials are chosen based on material characteristics and sintering temperature
[Wainwright et al. 2001]. Waste materials are blended together and rolled in a
pelletiser to form a brittle spherical “raw pellet” approximately 8 mm in diameter.
Figure 2.2 shows an example of raw pellets with high granite content. This pellet has
a similar feel and strength to ‘teaching chalk’. Raw pellets are heated in the kiln to
form “finished pellets”, categorised as hard strong synthetic aggregate. Raw pellets
entering the kiln at ambient temperature are heated to 1330 K and reside in the kiln
for approximately 20 minutes.

Figure 2.3 shows an example of the finished

aggregate. The texture and strength of this aggregate are completely different to the
raw pellet as can be seen by comparing both figures.
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Figure 2.2. Raw pellets made from granite stone washings.

Figure 2.3. Finished synthetic aggregate produced in the pilot plant.
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Some of the aggregate properties under investigation are aggregate strength, water
absorption rates and density. Two kiln processing conditions affecting aggregate
properties are time and temperature; the time the pellet resides in the kiln and the
temperature profile of the kiln. The objective is to minimise the energy consumption
per unit weight of aggregate manufactured by tightly controlling this timetemperature relationship. This is measured using the fuel-pellet weight ratio, which
is the ratio of fuel used to produce a single kilogram of pellets. The pilot plant has
been designed for the specific purpose of researching the relationship between
aggregate properties and kiln operating conditions [Mc Keever et al. 2003]. The
pilot plant generates qualitative data to analyse the performance of the pilot plant for
the purpose of control and analysis of the energy consumption per unit weight of
aggregate manufactured.
The energy operating costs of a trefoil kiln based synthetic aggregate process is up to
95% of its sale price. The economic justification for synthetic aggregate production
is not in the sale of the aggregate, but in the environmental gate fees charged for
diverting the industrial waste materials, used in the raw pellets, from landfill
dumping. Each waste material type has a unique disposal cost and waste tax for the
producer. These costs can be charged as ‘gate fees’ to the waste producers for
treating the waste in the kiln. The challenge to the operations team is to find the
correct mix of waste materials that will generate the necessary profits to justify the
operation of a waste derived synthetic aggregate process. Their objective is to
produce high quality synthetic aggregate, which can be sold into exclusive markets,
manufactured from a blend of waste materials with high disposable gate fees. The
challenge to the Control Engineering researcher is to find ways to reduce energy
consumption during aggregate manufacture by operating the plant at an acceptable
energy performance setting, subject to the user requirements.

2.3 Rotary Kilns in Civil Engineering
Rotary cement kilns (refractory kilns) have been widely employed for nearly a
century in the cement industry to convert feedstock materials at elevated
temperatures (1700 K) into lumped cement clinker. As materials roll axially through
the cylindrical kiln drum, the kiln regulates a set of chemical reactions between the
feed materials by controlling the kiln longitudinal and radial temperature profiles. A
combustion burner located at the kiln materials discharge end regulates the kiln
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longitudinal temperature profile by heating the gases and the firebrick refractory
lined inner walls of the kiln and the top of the kiln materials bed. The radial
temperature profile is defined by the rolling bed profile. The bed rolling motion
(figure 2.4a, page 33) causes material to be come trapped within the centre of the bed
and this causes a large radial temperature profile from the centre of the bed to the top
and sides. Cooler material trapped at the centre of the bed is difficult to heat. This is
undesirable in the production of synthetic aggregate, as the bed materials in the
radial direction will be subject to different time-temperature profiles.
Heat transfer rates of cement kilns are limited by the refractory lining, which has a
low thermal stress rating, and is expensive to replace. The thermal capacity of
refractory lined cement kilns is of an order higher than that of the materials bed. The
residence time of materials is of the order of two hours. The energy consumption of
start-up and shutdown of a cement kiln is high. These high-energy operating costs
of a cement kiln are sustainable in a high profit industry. Energy operating costs are
approximately 15 % of the sale price of Portland cement.
In the production of synthetic aggregate, the function of the kiln is to heat pelletised
waste material to a temperature just below the materials clinker temperature. The
pellets reach a near pyroplastic state where the surface of the material is in a semiliquid state. This can be seen in figure 2.3 (page 30), where the aggregate has flat
spots on its surface.

This occurs as the pellets bounce off each other at high

temperature and stick together momentarily.

This appearance tells the operations

team that the pellet has been processed correctly. A further increase in temperature
causes the surface of the pellet to become tacky, first resulting in a few pellets
sticking together and if left uncorrected, pellet clinker results. Clinkered aggregate
is unsuitable for its primary function as concrete filler in lightweight concrete. The
cement binder in concrete is far stronger than the surface adhesion of clinkered
pellets. The cement is prohibited from filling the voids between clinkered pellets,
leaving weak points in the concrete. Aggregate clinkering is difficult to prevent in a
refractory kiln, due to its high thermal capacity, and sluggish temperature response.

2.4 The Trefoil Rotary Kiln Process
The trefoil rotary kiln was designed to overcome some of problems associated with
refractory kilns [Sherwen et al. 1986]. The trefoil kiln has two unique features, a) no
refractory brick lining, relying solely on a metallic incolloy lining for heat transfer to
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the bed and b) its cross sectional trefoil profile. The inner liner trefoil profile exposes
the centre of the bed by stirring the bed three times per revolution resulting in an
even bed temperature profile (figure 2.4b). The metallic liner, which can be seen in
figure 2.5, has a high thermal stress coefficient, and the kiln can be brought from
cold to operating temperature (1370 K) in under an hour. These features make the
trefoil rotary kiln ideal for use in the production of synthetic aggregate from waste
materials. The kiln thermal capacity is of the same order as the bed material, and the
residence time is approximately 20 minutes. The controller challenge with the trefoil
kiln is to design the controller to respond to its fast dynamics.
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Figure 2.4. Cross sectional view of conventional and trefoil kiln.
1. Refractory liner, 2. Gas phase, 3. Pellet bed, 4. Ceramic insulation, 5. Inner liner.
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(Burner End)
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Figure 2.5. Longitudinal view of the trefoil kiln from inside the kiln burner box.
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The pilot plant image in figure 2.6, and figure 2.7, show the relative position of the
subsystems of the pilot plant. Working from right to left of the figure 2.6, raw
pellets are held in the hopper. The pellets are fed from the hopper into the kiln drum
through a chute located in the centre of the kiln back box.
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Figure 2.6. Kiln pilot plant schematic. 1. Raw pellet hopper, 2. Raw pellet feed
chute, 3. Kiln back box and Exhaust box, 4. Kiln drive motor, 5. Finished pellet
collection bin, 6. Burner air fan, 7. Natural gas burner, 8. Gas control valve, 9. Kiln
front burner box, 10, Burner flame, 11. Trefoil rotary kiln drum, 12. Exhaust stack.
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Figure 2.7. Pilot plant process overview, viewed from the front left side.
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Raw pellets roll radially through the trefoil kiln drum and the 2° slope of the kiln
moves the pellets slowly along the axis of the drum. Finished pellets exit through
the kiln front box, into the aggregate collection bin.
The kiln is heated using a single natural gas burner located at the front of the kiln.
Combustion of the gas starts at the end of the burner tube at the inlet to the kiln drum
Zone 1. The gas flame and its products heat the kiln walls and the kiln materials bed.
Hot gases from the burner travel through the kiln and exit through the kiln back box,
into the exhaust.
A motor rotates the kiln drum via a set of rollers. The residence time of the
materials bed depends on a combination of kiln speed and hopper feed-rate. The
materials capacity of the kiln is a function of speed and the residence time of pellets
in the kiln. The kiln has been designed to hold approximately 35 kg of pellets based
on the kiln internal geometry.
Raw pellet conversion to synthetic aggregate is staged into three zones in the kiln as
follows. A raw pellet leaving the hopper at ambient temperature rapidly heats in
heating Zone 3 of the kiln. As the pellet travel through heating Zone 2, pellet surface
materials start to fuse, caused by a combination of temperature and the rolling
motion working the surface materials together. The centre of the pellet is still at a
lower temperature due to the thermal insulating properties of the materials. In
heating Zone 1, the centre of the pellet receives sufficient energy to fuse the
remaining materials within the centre of the pellet.
If a pellet receives insufficient energy in any of the kiln heating zones, the pellets are
under-cooked and have a texture similar to chalk, are brittle and light coloured. The
colour gradient from the surface to centre of the pellet (the pellet must be split to
observe this) shows the differing stages of materials sintering within an undercooked pellet. At the other extreme, a pellet that receives excessive energy in the
kiln will clinker because heat energy is first absorbed through the surface, which
causes the surface to melt.

This is both highly undesirable and extremely energy

inefficient.

2.5 Process Operating Constraints
The production of synthetic aggregate from waste materials falls into the category of
environmental engineering. The recent introduction of detailed regulations under
International Pollution Prevention and Control (IPPC) directives have placed a large
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emphasis on the use of BAT [Barton et al. 2001] for the handling and treatment of
wastes. The emphasis has shifted towards complete accountability of the life cycle
of the product using LCA. During the upstream route of the life cycle of synthetic
aggregate, costs associated with the production of aggregate from an energy stance
and harmful environmental gas emissions impact must be determined. This has led
to a sharp increase in demand for high quality reproducible continuous process data
coupled with tighter plant operation. Increased use of pilot plants in the design
phase of new technology has resulted. In addition, automatic control is increasingly
required at initial trial stage to achieve the best operation of the plant to fulfil BAT
requirements.

2.6 Pilot Plant Design Objectives
The purpose of the work presented in this chapter is to design and build the first
trefoil rotary kiln pilot plant running under automatic control. Small-scale synthetic
aggregate feasibility trials using waste materials processed in a trefoil rotary kiln
began in 1997. The kiln was operated using manual control. Findings showed that
the process principles worked but the aggregate quality was widely varied, due to
poor temperature regulation. One of the objectives of the work presented in this
thesis is to control the temperature within the pilot plant kiln to allow a correlation
between pellet quality and temperature to be established by minimising variations in
aggregate quality.
The pilot plant designed in this research is a physical model of a proposed full-scale
industrial plant. The behaviour of the pilot plant is identical to the behaviour and
performance of a proposed full-scale trefoil kiln commercial plant. The degree of
success of determining the behaviour of the modelling full-scale plant can be
attributed to the design and interpretation of the behaviour of the pilot plant.
The pilot plant has been designed to fit into a research laboratory and to exhibit
full-scale process time and temperature ranges. The pilot plant kiln is large enough
to allow process measurement with high quality industrial instrumentation ensuring
repeatable data.
Two objectives were defined at the beginning of the pilot plant design phase [Mc
Keever 2002].
Objective 1: Determine the feasibility of producing sufficiently strong aggregate
suitable for use in concrete on a continuous production basis. Small-scale trials had
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shown the process worked but material strength was inconsistent. This objective is
addressed later in this chapter.
Objective 2: Determine the energy cost of conversion of waste into synthetic
aggregate. The commercial success of any full-scale plant will ultimately depend on
energy conversion costs offset against gate fees and market conditions for the
synthetic aggregate. This objective is treated in chapter 8.

2.6.1 Pilot Plant Design Approach
A set of guidelines, highlighted as headings in the following sections, was followed
during the design of the computer controlled pilot plant [Palluzi 1991]. The design
addresses the integration of a reduced scale trefoil kiln with a control system,
suitable for a) implementing digital control, b) kiln modelling validation and
c) operational testing [Mc Keever 2002]. The kiln manufacturer supplied the pilot
plant kiln and associated ancillary devices identical in standard configuration used in
trials in Kuwait [Sherwen et al.1986]. Brite-Euram Framework 4 European funding
was used to finance all the control system equipment.
The specification and installation of the control system, actuators and
instrumentations and Supervisory Controller and Data Acquisition (SCADA) system
were conducted as the beginning of this thesis and provide a platform upon which
the modelling and control of the kiln is built. All work was conducted by the author
over the initial 18 months of this project, including the design of the PLC system, the
control panel, the backup relay system, the system wiring, the control logic
programming of the PLC, the 11 SCADA screens, the instrumentation and actuators,
and the testing and commissioning of the system.

2.6.2 Classification of the Pilot Plant by Purpose
The purpose of the pilot plant is to allow investigation of the conversion of waste
materials into synthetic aggregate in a research laboratory. Materials investigation,
conducted in detail [Wainwright et al. 2001] uses the plant operating under control
to examine the synthetic aggregate characteristics as a function of kiln operating
conditions and raw pellet materials mix.
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2.6.3 Definition of Goals for the Pilot Plant
Three realistic goals have been set for the pilot plant, process feasibility, economic
evaluation and plant operation reliability. Process feasibility answers the daunting
question all designers face “will it really work”. Economic evaluation quantifies the
operations costs of the plant for a set of operating conditions and tries to determine
the most efficient operating range of the plant. Operation reliability highlights the
sensitivity of the plant behaviour to instrumentation, actuators, the controller and the
control algorithm.
The problems to be solved relating to the pilot plant are:
1. Does the process work on a continuous basis? This has to be examined
when the pilot plant is operated using closed loop control.
2. How does the process function? The pilot plant has to provide sufficient
data to show how the pilot plant behaves.
3. What is the operating range of the process variables? The operating
ranges of pilot plant input and output variables have to be found.
4. What variables should be measured? The pilot plant variables of interest
must be identified.
5. What are the process bottlenecks? The interaction between variables in the
process may cause bottlenecks to the production and restrict the operation of
the process.
6. What is the relationship between process input variables and process
output variables? The relationship between process inputs and process
outputs needs to be understood.
7. Can the process be controlled? The pilot plant model must be controlled to
demonstrate that the time-temperature recipe of the process can be achieved.
8. What is the performance of the process? The performance of the pilot
plant may vary over its operating phases. The pilot plant has been analysed
during start-up, during pellet loading phase and during the running phase to
determine the performance of the kiln.
9. How can the performance of the process be improved? The performance
of the process may be improved by operating the process at a range of set
points.
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10. Can recipes be developed with the process?

The pilot plant can be

operated to investigate the time-temperature recipes for different types of
pellets processed in the kiln.
11. What modifications need to be made to the process? The addition of extra
equipment such as a waste heat recovery system on the exhaust may be one
way to improve the efficiency of the pilot plant.
12. Can the process be scaled-up? The pilot plant has been shown to work.
The technical feasibility of up scaling is an issue.

2.6.4 Classification of the Pilot Plant by Size
The pilot plant is a one sixth scaled version of a proposed industrial version kiln. The
materials processed by the plant in an afternoon of operation can be used to produce
sufficient quantities of aggregate for an array of concrete testing. Pilot plant kiln
parameters measured and the proposed control system are identical to those for the
proposed full-scale industrial kiln.

2.6.5 Determination of Pilot Plant Specification
Specification defines numerically the predicted operating ranges of all process
variables chosen from first principles. The performance of the pilot plant to its
specification is a measure of how successful the design phase has been. The
controller specification was generated using a User Requirement Specification
(URS), given to the plant operations team and the equipment manufacturers. The
URS used a questionnaire to translate the operations team language into process
operating data. The dissemination of the URS data is shown in table 2.1.

Parameter

Min
0.1
50
10
15
1
0
10

Pellet inflow (kg/min)
Gas Burner Heat (kW)
Inner liner temperature (C)
Pellet residence time (mins)
Kiln rotation speed (rpm)
Pellet storage capacity (kg)
Exhaust temperature (C)
Table 2.1. Kiln parameter range specification.
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Range

Max
2
248
1250
30
4
100
1000

The URS also examined the user requirements for starting, operating and stopping
the kiln under a range of conditions including abnormal emergency shutdown. This
data has been used to formulate the operational sequence of the kiln to ensure safety
to personnel, equipment and the operating environment.

2.6.6 Sizing and Selection of Pilot Plant Components
This step in the design of the pilot plant addresses the sizing and selection of
instrumentation and actuators for interfacing the kiln to the controller. The process
began by identifying the variables of the process. Two control variables were
identified, kiln drum temperature and pellet residence time. Temperature within the
kiln is controlled using the gas burner. Small-scale trials up to this point were
conducted using manual control. The operator adjusted the burner setting based on
hand held pyrometer temperature readings taken at 1-minute intervals. Three
thermocouples (TC1-TC3) located along the axis of rotation of the kiln,
corresponding to heating Zone 1 to Zone 3, measuring the kiln wall temperature have
been added to the kiln. This approach of measuring bed temperature at a point along
the longitudinal axis based on wall temperature is possible because the stirring action
of the trefoil results in an isothermal bed temperature in the radial direction, which
mat be read using the pyrometer. The low thermal capacity metallic kiln wall
responds quickly to bed temperature changes which does not occur in a conventional
refractory kiln due to it high thermal capacity. Three thermocouples are used to
provide continuous longitudinal temperature profile data. The operator can select
any thermocouple as the feedback measurement to the temperature controller. The
remaining two thermocouples are used for data logging and backup, should the
active thermocouple fail.

Thermocouple selection is made based on raw waste

materials and the temperature profile the operator wants within the kiln.
Selection of the remaining process measurements was made with two objectives in
mind. The data logged by the control system is used to access the performance of
the plant, and to fulfil the BAT requirements of the operations team. Data logged is
also used to determine the dynamics of the kiln and provides a platform for
modelling analysis of the kilns behaviour and for controller design.
The final component of the pilot plant, the controller hardware, was specified based
on the required number of input and output signals and an estimation of program
memory size required.
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2.6.7 Connecting the Pilot Plant Components
A block diagram representation of the kiln and controller (figure 2.8) shows the
integration of components within the pilot plant. The control system interfaces with
the kiln through the instrumentation and actuators. Local control is implemented
using the PLC at present. The PLC is used to sequence the operation of the kiln by
starting motors and controlling shutoff valves. It also controls the two control loop
outputs, gas fuel flow and combustion air for the temperature loop and the vibratory
feeder for pellet flow. This system was designed and commissioned in full by the
author.
On the top layer of the control system lies the SCADA PC, running the industrial
SCADA package RSVIEW32®. The SCADA is primarily used to interface the
operator to the plant, displaying all measured variables over seven selectable screens.
The SCADA allows the operator to select which thermocouple to use for automatic
control based on visual observations of the bed as shown in figure 2.10. A data
logger within the SCADA is used to record the continuous operation of the kiln to
disk. The SCADA has full access to all data within the PLC and may be used in a
supervisory mode.

This SCADA system was designed in full by the author,

including all the interface screens, to allow the operations team monitor and control
the pilot plant.
SCADA PC
PLC
Sensors

Actuators

Trefoil Rotary Kiln
Pilot Plant
Figure 2.8. Distributed control system block diagram.
The design, installation and commissioning of the kiln automation and control
system (Figure 2.9) were completed in just over a year. This involved designing the
PLC system, writing PLC ladder logic program to control and sequence the kiln,
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SCADA system design to interface the kiln to the operators, PLC Panel design,
Motor Control Centre design, selection of instrumentation and actuators,
interconnection of kiln to the PLC, loop testing the system, start-up commissioning
and control system factory acceptance testing. The total cost of the system installed
is approximately £40,000.

PLC
AC and DC
Circuit
Breakers

Pyrometer
PSU

PLC
PSU

Hopper
Motor
Speed
Controller

Backup
Relay
Board
Analogue
Outputs

Discrete
Switch
Inputs

Telemetry
PSU
Analogue
Transmitter
Inputs

Discrete
Control
Outputs
800 mm
Figure 2.9. Inside view of the pilot plant control panel.

Figure 2.10. Main SCADA operations screen, used to start, stop and operate the
pilot plant kiln and ancillary equipment.
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2.6.8 Specification of Pilot Plant Instrumentation
Only industrial instrumentation has been used on the pilot plant, to ensure reliability
and accuracy of measurements. The accuracy and reliability of these readings limit
control of the process.

All instrumentation was specified to operate using the

standard 4–20 mA signal range, where possible. Instrumentation used is listed in
table 2.2. Three thermocouples located along the length of the kiln used a telemetry
system to transmit the three-thermocouple signals back to the PLC [Blalock and
Hammett 1978].

The telemetry receiver translates the radio signals into three

separate corresponding 4–20 mA signals, which are in turn wired back to the PLC.
Emissions monitoring of gas concentrations in the kiln exhaust using a heated line
sampling system was installed [Clarke et al. 1998]. The emissions monitor measures
concentrations of O2, CO, CO2, NOx and SOx in Parts Per Million (ppm) and
percentage volume on a dry basis. These measurements are delayed however by the
sampling system and as such can only be used for condition monitoring.
Analogue
Combustion air flowmeter
Combustion gas flowmeter
Combustion air RTD
Exhaust gas thermocouple
Exhaust gas flowmeter
Pellet inflow weight
Pellet outflow weight
Kiln liner thermocouple 1
Kiln liner thermocouple 2
Kiln liner thermocouple 3
Kiln liner pyrometer

Discrete
Main gas pressure switch
Pilot gas pressure switch
Air fan pressure switch
Kiln speed Switch
Kiln motor on contact
Pellet feeder on contact
Air fan on contact
Hopper empty switch
Hopper full switch
Flame detection switch

Table 2.2. Control system instrumentation installed on the pilot plant kiln.
The final configuration of the trefoil pilot plant integrated with most instrumentation
and actuators is shown in figure 2.11 and figure 2.12. These instruments allow total
energy and materials balance calculations to be made for the pilot plant. The gas
flow and airflow instruments are used to calculate the heat energy released into the
kiln from the burner. Heat loss through the exhaust is calculated using the exhaust
flow rate and exhaust temperature, and exhaust gas particulate concentrations are
measured using the sampling system. The materials energy balance is made using
the weighing systems. The energy losses from the kiln to the pellets on entering and
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leaving are calculated using the weighting systems. This data can be used for
evaluating the energy efficiency of the process and for kiln model validation.
Thermocouple TC2

Kiln Drum

Gas Valve

Gas Flow Meter

Thermocouple TC3
Kiln Skid Frame

Figure 2.11. Right hand side view of the pilot plant kiln.
Raw Pellet Hopper

Hopper Load Cell

Pellet Feed Chute

Hopper Motor

Figure 2.12. View of the pilot plant showing the raw pellet feeder system.
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2.7 Initial Automatic Control of the Kiln Pilot Plant
The purpose of the first automatic controller was to determine if the pilot plant could
produce aggregate on a continuous basis at a steady temperature. The pellet
residence time was not yet controllable, as the dynamics of this loop were poorly
understood. The residence time dynamics was assumed to be a pure time delay and
the pellet inlet feed-rate and kiln speed were set to approximate a residence time
delay in the region of 20 minutes. The pellet flow rate into the kiln is set using a
vibratory feeder. The speed of the kiln motor was set to 1.7 rpm and the pellet inlet
feed-rate was set to 1 kg/min.
The kiln thermal dynamics were modelled as a first order system with dead time and
a PID controller was used to shorten the control design task. Two parameters are
required for this initial thermal model, the rise time (the time required for the
response to reach its final value for the first time) of the system step response and the
dead time of the process output. This simplified model of the process allows the
controller to be tuned using the process reaction method of tuning PID controllers.
The control objective was to maintain kiln drum temperature at 1100 C (1370 K)
temperature set point, in the presence of a load disturbance during the kiln-filling
phase.
Kiln temperature was controlled using the gas burner. The temperature controller
block diagram is shown in Figure 2.13. Combustion energy release is maximised by
maintaining the correct stoichiometric ratio of gas fuel to combustion air. The
temperature controller set the gas flow-rate from which the stoichiometric ratio
controller sets the airflow using the gas flowmeter.
Two inner control loops were used to regulate the correct air-fuel ratio for
combustion. The first loop used a fast PID control loop to ensure that the gas fuel
flow is correct. The installed valve characteristic of the fuel valve is non-linear, and
the gas flow meter was used to measure gas flow to ensure the valve finds the correct
flow, set by the temperature controller. The gas fuel flow was used as the input to
the fuel-air ratio controller. The air fan also has a non-linear characteristic. The air
flow meter was used to control the air fan speed to ensure the correct fuel-air ratio.
From the SCADA main operations (figure 2.10) the kiln temperature zone to be
controlled can be selected using the appropriate sensor. Kiln temperature may be
controlled using one of the four available kiln temperature measurements. The
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temperature set point can also be adjusted using the SCADA. The temperature PID
controller used bumpless transfer tracking and set point offset in the event of the
selected temperature sensor failing or if the operator changes control to another
temperature zone.
Temperature
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PID
Controller

Σ

Gas Flow
+
Σ
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Gas Flow PID
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Gas Flow

Gas Valve
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Air Flow PID
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Σ

Air Fan and
Ducting

Air Flow Rotary Kiln

TC2
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SCADA Temperature

PLC and SCADA
Controller

Figure 2.13. Kiln temperature control loop block diagram.

2.7.1 PID Controller Results
The trefoil kiln produced its first continuous operation batch of pellets in January
2001. This section describes the performance of the kiln under automatic control.
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Figure 2.14. Temperature response of the kiln during pellet production.
47

180

The temperature response and control action is shown in figure 2.14. The kiln starts
at zero minutes and uses thermocouple TC2 for control. The kiln heats to operating
temperature in less than 40 minutes. Temperature Zone 2 and Zone 3 heat at the
same rate, but the position of Zone 1 relative to the burner causes a delay between
Zone 1 and Zone 2 temperature responses. At the 60-minute mark, the temperature
zones reach equilibrium at the set point of 1100 C. At 80 minutes the pellet system
is activated and Zone 3 temperature rapidly decreases as cold pellets fill Zone 3.
This causes Zone 2 temperature to move from steady state. The controller action
response is shown in the lower graph. The control action is to increase fuel to the
burner to correct for the temperature disturbance caused by the pellets flowing from
Zone 3 into Zone 2. The controller does however maintain the error within 15 C,
during pellet production. Temperature Zone 1 remains at the set point as the pellets
leaving Zone 2 are at the correct temperature. Pellet production lasts for an hour and
ends at 140 minutes after the kiln is first started.

The temperature of Zone 3

increases at this time as no new pellets are entering Zone 3. The kiln is shutdown at
160 minutes.
A total of 60 kg of pellets was produced in the outlined experiment above. This
quantity was sufficient for making concrete cubes and cylinders for short and long
term concrete strength testing. The process produced aggregate of high quality
outlined in the Brite-Euram report [Mc Keever et al 2002], and results are extremely
positive. The aggregate produced has a very high strength and these initial trials
show that this aggregate is as good as if not better than the industry standard
synthetic lightweight aggregate, Lytag [Lytag 2005].
The experiment results show how the plant is well suited to the production of
aggregate, if sufficient data is available for control and monitoring. As a comparison,
using the pyrometer as the only temperature measurement when the kiln was
manually controlled, longitudinal temperature profile of the three gas zones would
not be detected. Temperature Zone 1 is extremely difficult to measure with the
pyrometer due to the location of the burner and front box obstructing the view. It is
therefore possible to conclude that automatic control using three thermocouples is
better at detecting clinker conditions in Zone 1 and the controller regulates
temperatures in the kiln, guaranteeing correct time-temperature profile for the
pellets.
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Results from concrete testing and kiln data show that the process works, which
answers the question of process feasibility (2.6.3). The pilot plant in this continuous
operation experiment is running at a low performance level, and therefore analysis of
energy consumption by the process in converting the aggregate is unrepresentative of
the overall energy performance of the plant.
The results presented above only addresses the feasibility of operating the pilot plant
during loading and running at one single set point. During production of pellets
60 kg of gas was used resulting in an initial evaluation of 1 kg/kg pellet to gas
conversion ratio.

Any additional energy savings for later production can be

attributed to improved performance by better operation of the plant. These operating
points of the plant are difficult to identify without a good understanding of the pilot
plant systems dynamics. They are also difficult to reach efficiently and maintain
without control. This is addressed later in this thesis by using process modelling to
understand the complex interaction between the pellet system and temperature
systems of the pilot plant, to establish efficient static operating points for the pilot
plant. The dynamic interaction of the two main variables can be further used to
analyse the pilot plant during start-up, loading, running and running set point change.
This allows a start-up strategy, a loading strategy, a running strategy and set point
change strategy to be found, which should result in a better and more efficient
operation of the pilot plant.

2.8 Pilot Plant Modification
The results produced by the pilot plant in January 2001 showed a good degree of
control for the pilot plant process. The pilot plant had been shown to work on a
continuous basis to produce synthetic aggregate of suitable strength for use in
concrete. The focus turned to the kiln and a number of problems with operating the
pilot plant that were identified during aggregate trials. The kiln manufacturer was
consulted and using data generated from the control system a number of
modifications to the pilot plant were suggested and implemented. These included
the replacement of the kiln drum with the newest kiln drum design, a new set of heat
seals at both ends of the kiln drum and a redesigned front box. A new pellet feed
chute was added to improve the flow of pellets into the kiln from the hopper. All of
these modifications were conducted prior to the commencement of modelling the
pilot plant.
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2.9 Conclusions
This chapter describes the trefoil pilot process plant and how the system was
automated and initial control investigations performed. The design of an automation
and control system to evaluate the operation of the process was outlined. Results
presented in this chapter show that initial control of kiln temperature is possible with
the PLC control system. It is possible to produces consistent quality synthetic
aggregate when operated using automatic temperature control. The automated kiln
provides a platform for kiln modelling, kiln control, kiln energy utilisation analysis
and synthetic aggregate properties analysis against process operating conditions.
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Chapter 3 Planning the Trefoil Kiln Pilot Plant Simulation Model
3.0 Introduction
This chapter describes the design approach taken during the initial planning stages of
development of the trefoil rotary kiln simulation model. A set of guidelines followed
in developing the kiln pilot plant model is outlined, and the division of the kiln
model into three sub-models is discussed.

3.1 Guidelines for a Simulation Study
The daunting problem that faces all modellers when confronted with a major
modelling and simulation problem is: “Where do I start?” The key to answering this
question is to utilise an established approach that will guide the modeller through the
modelling problem from start to completion. The initial organisation of a modelling
and simulation study is crucial to its success. Model development is an iterative
process, whereby initial simplified models are tried, tested, refined and improved
until the model satisfies its intended purpose.
[Banks and Carson 1988] suggest guidelines to follow when conducting a simulation
study. These are categorised into a sequence of steps outlined below. These steps
are followed to maximise the likelihood of the simulation study being successful. A
fluid flow pilot plant was successfully designed using simulation by following these
guidelines [Mc Keever 1998]. These twelve guideline steps are grouped in four
phases to emphasise the relationship between the steps and how they are correctly
used.
Planning Phase
Step 1. Problem Formulation.

Defining the system to be simulated.

In the

present case, this is the pilot plant kiln, to include the gas burner, the kiln drum’s
temperature dynamics and the passage of pellets through the kiln.
Step 2. Setting of objectives and overall plan. The objectives of the simulation
exercise need to be clearly defined at the planning stage so that the modelling has
clear targets to aim for. The objectives of simulating the pilot plant are to provide an
insight into the behaviour of the pilot plant. The interaction between the two kiln
variables, temperature and residence time, is poorly understood. The interaction of
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temperature and residence time varies over the operating range of the pilot plant.
The objective of the model is to show how the pilot plant may be operated efficiently
while controlling kiln operating temperatures and mean pellet residence time.
Modelling Phase
Step 3. Model building. This defines the fundamental approach taken to build the
model. In this thesis, a continuous simulation mainly based on first principles
modelling is used. A combination of CFD, grey box and black box modelling
techniques are employed where model coefficients are difficult to obtain based on
laws of mechanics for some of the sub-systems within the model.

The model is

based on a set of differential equations, using energy and mass balancing. These
mathematical equations and their parameters define the accuracy of the model.
Simplified models provide general insight into the behaviour of a real system. Valid
complex models provide a higher degree of correlation between the model and the
real system. There is always a trade off between model complexity and accuracy.
The time and cost associated with developing the model increase sharply with model
complexity [Sargent 2003].
Step 4. Data collection. This is the data required in the model to help solve the
modelling equations. This includes model initial conditions, geometrical parameters
and parameters included in the modelling equations. Data is collected from the pilot
plant through experimentation, process knowledge and testing of similar systems.
Step 5. Coding. Conversion of the modelling equations into simulation code. In
this case, the code is a set of Simulink blocks. The coding must correctly reflect the
mathematical model. The coding of the model has been implemented by building
sub-model blocks that are integrated together to form the pilot plant model.
Step 6. Verification.
implemented.

This step examines if the model built is correctly

This includes verifying the syntax of each model block and the

interconnection of each signal internally and between blocks.
Step 7. Validation.

This examines the validity of the model by comparing

simulation results with data collected from the process, or similar systems. The
model doesn’t need to be validated at all points of interest, but validation should
build confidence that the model can be used to simulate process behaviour between
sample points.
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Computer Simulation Phase
Step 8. Experimental design.

The design of experiments using the model to

produce data that is used to solve the objectives of the model. These tests are used to
analyse the static and dynamic performance of the pilot plant kiln, and are outlined
in chapter 8.
Step 9. Production runs and analysis. Running the simulation tests using the
model. Results produced by the simulation model are outlined in chapter 8.
Step 10. Decide on more runs. Issues raised by experimental results may need to
be addressed. For example, the results generated by the model may highlight some
unpredicted operating scenarios that lead the investigation to a new level of insight
into the operation of the kiln.
Documentation and Reporting Phase
Step 11. Document and report. Listing the model and associated data used, and
present findings. This information can be found in the appendices.
Step 12. Implementation.

Implement the findings of the simulation study.

Operating the kiln as proposed by this thesis, is the implementation of the findings of
the simulation study.
Simulation model development is an iterative process. A model is developed in the
modelling phase by making modelling assumptions about the system. The model is
developed, tested and validated.

Errors between the modelling objectives and

validation results define suitability of the model to the task.

The steps of the

modelling phase are repeated until these errors are within an acceptable tolerance,
defined by the objectives set out in the planning phase. The complexity of the model
and the development time invested is reflected by the objectives set out for the
model.

3.2 Problem Formulation for Trefoil Kiln Model
The trefoil rotary kiln model developed in this thesis is an isothermal zone
distributed bulk parameter model. The model has been developed within the Matlab
[Matlab 2006] environment and implemented in Simulink. The model is used to
simulate the dynamic behaviour of the pilot plant during start-up, loading and
running. The model is used to simulate the following subsystems of the pilot plant:
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1. The heat transfer from the kiln burner to the gas phase and walls of the
trefoil kiln. The kiln model simulates the heat transfer from the hot gases
released by the burner to the kiln enclosure, defined as the kiln gases and
walls. The kiln enclosure is divided into ‘Zones’. Each zone is further
divided into surface zones and gas zones. The heat transfer between zones
uses three heat transfer mechanisms, radiation, convection and conduction.
2. The effect the trefoil kiln cross-sectional profile has on the movement of
pellets within the kiln drum. The movement of pellets through the kiln
defines the kiln bed profile, the pellet discharge flow, and the materials dead
time. The model needs to simulate these variables to determine how the
pellets have been processed in the kiln and the corresponding thermal load
this places on the kiln walls and gases.
3. The mean pellet residence time of the kiln pellet bed. The mean residence
time of the pellets discharging the kiln is a key ingredient in processing the
pellets. The mean residence time has to be controlled, and is inferred from
the pellet flow and kiln bed.
4. The heat transfer from the kiln walls and gas phase to the kiln pellet bed. As
the kiln is loaded with pellets, heat is transferred from the kiln to the pellet
bed. The model must simulate the dynamic temperature disturbance caused
by cold pellets entering the kiln and travelling through the kiln.
5. The temperature dynamics of the unloaded kiln during the start-up phase.
The kiln model simulates the kiln temperature dynamics in the temperature
range 300 K to 1380 K.

Modelling the start-up phase allows the fuel

consumption and the time to reach steady state to be analysed.
6. The thermal efficiency of the kiln. The thermal efficiency of the pilot plant
kiln has to be measured, to determine the reasons why the kiln efficiency
varies with temperature and kiln loading as steady state.
7. The operating range of the kiln. The model is used to establish operating set
points to reflect the residence time and temperatures for a given pellet type.
8. How to operate the kiln efficiently. The model is used to develop an operating
strategy for the pilot plant, during start-up, loading and operating phase.
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3.3 Setting of Objectives and Overall Plan
The modelling objectives outlined above require that the model have sufficient
flexibility to model the behaviour of the kiln for a wide range of conditions. The
pilot plant kiln is used to produce aggregate from a wide range of new materials over
an operating range of 1000 K to 1380 K.
The simulation objectives are:
•

Determine the temperature dynamics of the kiln.

•

Determine the materials transportation dynamics through the kiln.

•

Establish the lower and upper operating range for the pilot plant.

•

Investigate the interaction between temperature and residence time.

•

Develop an operating strategy for the kiln, during start-up, loading and running.

•

Establish a baseline fuel-pellet conversion weight ratio (how much fuel is used to

produce a kilogram of pellets).
The accuracy of the model must also be defined, to ensure that simulation results
have credibility with the end users. An acceptable range of accuracy is the accuracy
that is required of the model to be valid for its intended purpose. This is a balance
between model complexity and the end users quest for knowledge. A set of realistic
objectives has been established through discussions with the operations team. The
accuracy of the model is defined in terms of the acceptable variance of quality within
the aggregate. This has been set at 4 %. A realistic target set out by Boateng and
Barr, 1995, modelling a cement kiln, is a 50 K error at elevated temperature of 1200
K. This also corresponds to an acceptable error of 4 %. The model is therefore
required to reflect the performance of the pilot plant within 4 %.

3.4 Modelling Phase
The model has been developed in three parts to simplify its design and validation.
The approach taken in developing the model is a ‘bottom-up’ approach.

An

overview of the complete pilot plant kiln model is shown in figure 3.1.
The kiln Gas Burner model is used to simulate the heat released and emissions
produced by combustion over a range of air-fuel ratios. The emissions produced by
the combustion flame, the gas burner model calculates the flame temperature and the
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concentration of the hot gases produced by combustion. The burner is the sole heat
source within the pilot plant and drives the kiln thermal model.
The kiln thermal model models the thermal dynamic behaviour of the kiln drum.
The thermal model simulates the indirect transfer of heat from the kiln burner flame
to the kiln walls and kiln gases and is described in chapter 5.
The pellet transportation model is used to simulate the movement of pellets entering
the kiln drum at the exhaust end, travelling through the kiln and exiting at the kiln
burner end. The model simulated the variation of residence time of the kiln bed and
the heat transfer from the kiln walls to the kiln bed material. The development and
validation of this sub-model is described in chapter 6.

Gas Flow
Air Flow

Product Gas Flow
Gas Burner
Model

Flame Temperature Kiln Thermal
Model
Product Emissions

Kiln Zone
Temperatures

Heat Absorbed
By Pellet Bed
From Kiln
Pellet
Pellet

Pellet Inlet Flow
Kiln Speed

Transportation
Model

Outlet

Residence Time
Bed Profile
Bed Temperatures

Figure 3.1. Overview of the complete pilot plant kiln simulation model.
The integration of the three pilot plant disparate sub-model, called the complete pilot
plant model, is described in chapter 7.
The three sub-models within the kiln model are based on three different modelling
approaches. The gas combustion model is based on the chemistry of combustion.
This requires knowledge of combustion and techniques to solve a set of non-linear
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equations.

The kiln thermal model requires a model that allows radiation,

conduction and convective heat transfer to be modelled. This calls for an
understanding of the heat transfer mechanisms from a gas flame and its products to
the walls of the kiln. The pellet model requires a model that accounts for the
movement of the pellets from inlet to outlet of the kiln. Understanding of the effects
the kiln cross sectional profile has on the longitudinal and transverse motion of the
kiln bed as the kiln rotates, has to be established to correctly model the motion of the
kiln materials bed. The diversity of three sub-models meant that three separate areas
had to be researched, to develop a complete model of the pilot plant kiln.
Chapter 8 of this thesis treats the modelling phase of development for each submodel.

The sub-models are then combined and used in chapter 8 to simulate the

complete pilot plant model, in the computer simulation phase. The complete pilot
plant simulation model is used in chapter 8 to examine the performance of the pilot
plant under PID control.

3.4.1 Model Validation and Testing
Problem formulation defines the intended purpose of the model being developed.
Defining the purpose of the pilot plant kiln is in itself a ‘model’ of the physical pilot
plant systems behaviour. The operating range and the behaviour of interest for the
pilot plant are defined in the problem formulation, and the behaviour of the pilot
plant outside this definition is not validated or tested.
Validation of the kiln simulation model examines how sufficiently accurate the kiln
model represents the problem formulation of the kiln pilot plant. Model validity is
not absolute, and a ‘valid’ or ‘not-valid’ criterion cannot be applied [Balci 1995]. A
degree of validity states how much the ‘model user’ can trust the simulation model
and is graded on a scale of credibility of 0 to 100. Model credibility is based on the
number of validity tests the model passes sufficiently.

The subjectivity of the

adjective ‘sufficient’ depends on the credibility level required for the model’s
intended purpose. It follows that the model credibility can only be claimed for the
prescribed conditions for which the model was tested. Complete simulation testing
is not possible, and this raises the problem of establishing points at which the model
should be tested. If sufficient confidence in the model can be established through
testing, then the model behaviour should be valid between testing points over the
intended range of usage of the model.
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Input-output test data taken from the pilot plant is used to validate the kiln
simulation model where available. This data in itself must be a valid representation
of the behaviour of the pilot plant. The accuracy of the test data gathered from the
pilot plant is normally defined with respect to the instrumentation used. This is
defined by the location, range, and accuracy of each instrument. The pilot plant
simulation model is an input-output transformation that should sufficiently represent
the input-output transformation of the pilot plant. The input-output data should
cover the range of interest outlined in the problem formulation for the pilot plant.
Brade, 2000, describes a Confidence Levels in Model Behaviour (CLIMB) process,
which categorises validation of real system data in five levels:
CLIMB Level 1. Basic conceptual information.
CLIMB Level 2. Theoretical data gained from science or other models.
CLIMB Level 3. Real subsystem data.
CLIMB Level 4. Hardware in the loop data.
CLIMB Level 5. Real system operating data.
Validation of the pilot plant can be brought to CLIMB level 3, if data from the kiln
subsystems is known. If the model can be validated using input-output data from the
pilot plant then a CLIMB level 5 can be achieved, and the credibility of the model is
high.
Balci, 1995, recommends 45 classifications of verification and validation tests that
may be employed to test a model during its development. Not all tests are applicable
to continuous simulation models, while others are self-evident. Four validation tests
are used in this thesis. These tests are used at different stages of development of a
sub-model. The tests are [Sergent 1988]:
1. Fixed value test.
2. Parameter variability test.
3. Extreme condition test.
4. Comparison test.
The fixed value test is normally the first validation test conducted on a sub-model.
Each of the model inputs is driven with a fixed value and the resulting outputs
correlated with hand held calculations made using the modelling equations. This
allows model validation at initial conditions and at static operating points. Simple
dynamic testing involves using single input test points and examines the output
response of the sub-model using ‘probes’ placed inside the model for the purposes of
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validation only. Re-running the model at a different single input test points produces
a different set of outputs. The relative change in the model output between tests
should correlate with the behaviour of the kiln. This type of testing was used
extensively throughout the development the pilot plant model. This helped build
model confidence for the model builder and highlight the suitability of a sub-model
in fulfilling its objectives.
The parameter variability test examines model validity by varying the internal
parameters of the model. For a set of input data, the output data should change as
the model parameters are varied. This test acts as a model sensitivity test, and helps
highlight the effects inaccuracies in the parameter data collected from the pilot plant
have on the performance of the model.
The extreme condition test examines the operation of the model at the extremities of
its inputs to examine how logically the system behaves.

This step is vital in

controlling the model so that at the limits of operation the model behaves correctly.
The comparison test is used to validate the model using a known set of input-output
data. The model is driven with input data and the corresponding output data is
compared to the pilot plant outputs under the same conditions. The input data allows
both static model and dynamic model comparisons. The static model data can also
be compared to those results from the fixed value test.
The tests outlined above can be employed at each stage along the CLIMB process.
The input-output relationship for the real system may not be available or observable,
due to a number of factors. In this situation, the validation of a model can be made
using other methods such as model reasoning, walk through testing and prior
knowledge of the process. The information available defines the CLIMB level
achieved.
An example of this is the distribution of the kiln bed material within the kiln drum.
From a modelling stance, the bed profile is of critical importance in defining the
pellet residence time and the kiln temperature distribution. The relationship between
the two model inputs, kiln drum speed and pellet feed rate, and the model output, the
pellet bed profile, can’t be measured using the pilot plant. In this case, a similar
system has to be built to produce model validation data.
The validation results presented in the model development chapters are focused on
results obtained from comparison tests. The kiln sub-model inputs are stepwise
changed and the transient response of both model and kiln are compared. The
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credibility of the sub-models is built by testing over a large portion of the operating
range of interest for both input and output signals.

3.4.2 Validation Testing Template
As the kiln model is developed from the bottom up, a set of validation tests will be
used. The outline of the validation tests for the kiln pilot plant and associated submodels are as follows:
1. Define the function, type of validation test, and the CLIMB level of the test.
2. Identify the input-output data from the pilot plant kiln.
3. Explain the output-output data relationship for the pilot plant kiln.
4. Identify the kiln model output data.
5. Discuss the accuracy of the model output data in representing the pilot plant
output data.
6. Define the credibility of the model in the test in terms of how close it lies to
the performance of the measured data.

3.5 Computer Simulation Phase
The computer simulation phase examines the objectives outlined for the pilot plant
model, during the planning phase. The seven points identified are addressed in this
thesis for the pilot plant model as follows:
1. The heat transfer from the kiln burner to the gas phase and walls of the
trefoil kiln. The temperature dynamics of the kiln are simulated in chapter 5.
2. The effect the trefoil kiln cross-sectional profile has on the movement of
pellets within the kiln drum. The pellet materials transportation dynamics are
simulated in chapter 6.
3. The mean pellet residence time of the kiln. Calculating the time between a
pellet entering and exiting the kiln is simulated in chapter 6.
4. The heat transfer from the kiln walls and gas phase to the kiln bed. This is
simulated in chapter 7.
5. The temperature dynamics of the unloaded kiln during the start-up phase.
This is examined for a range of start-up fuel strategies in chapter 8.
6. The thermal efficiency of the kiln. The energy utilisation of the pilot plant is
addressed in chapter 8 using the pilot plant simulation model.
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7. The operating range of the kiln. The steady state operating range of the pilot
plant is examined through simulation in chapter 8, to establish the lower and
upper operating ranges for the pilot plant.
8. How to operate the kiln efficiently. In chapter 8, closed loop control is
simulated to determine an operating strategy for the pilot plant kiln to operate
the kiln and establish a baseline fuel-pellet weight ratio.

3.6 Documentation and Implementation
Documentation of the pilot plant model is critical if the model is to have any further
uses. The kiln model developed in this thesis has ultimately been developed for
three purposes, pilot plant process operation analysis, advanced controller design for
the trefoil kiln process and simulating the behaviour of a future proposed industrial
scaled trefoil kiln plant.

3.7 Conclusions
In this chapter, a set of guidelines used in developing and testing the pilot plant
simulation model is outlined. These guidelines are used to improve the likelihood of
successfully meeting the modelling objectives of this thesis. The objectives for the
kiln model are identified. This defines the input-output transformation of the model
and the pilot plant. The input-output data types classify the modelling approach
needed. The modelling approach defines the data to be gathered to complete the
internal parts of the kiln model. This data is needed to build the complete pilot plant
simulation model. At each stage of model development, the model must be validated
using a set of tests where possible for a set of known input-output for the pilot plant
data, to build model credibility.

The success of the kiln simulation model in

achieving its intended purpose is attributable to the approach taken, and can be
measured by the accuracy of the models developed in the following chapters.
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Chapter 4 Gas Combustion Model
4.0 Introduction
This chapter describes how the gas combustion model for the pilot plant simulation
was developed. The gas combustion model is a Simulink implementation of the
chemical reaction of combustion of gas fuel and air. This chapter describes the
chemistry of combustion with dissociation for hydrocarbon gas, and the planning
and modelling development phases for the gas combustion model.

4.1 Combustion Model Planning Phase
The function of the gas burner system is to regulate the combustion gas fuel flow and
combustion air flow into the burner, to allow the air and fuel mix and burn.
Combustion is initiated when the gas mixture is heated with a spark, and is selfsustaining over a range of the air-gas flow rates. The gas and air mixture burn as a
flame at the exit of the burner head nozzles. The burner is located at the pellet
discharge outlet of the kiln drum. The flame and combustion product gases flow
from the burner into the kiln and heat the kiln as they pass through to the exhaust.
To correctly model the combustion flame and flow of combustion gases from the
burner, the gas combustion model has to be able to simulate the heat released from
the burner, the emission gases produced by the burner, and the temperature of the
gas products as they enter the kiln, for a range of combustion gases and air-fuel mass
flow ratios.
The gas flow is controlled using a control valve and measured using a gas mass flow
meter as outlined in chapter 2. The combustion air is controlled using a variable
speed air fan, and measured using an air mass flow meter. The inputs to the gas
burner from the control system are two mass flow rate signals. The inputs to the gas
combustion model are also mass flow rates.

These two signals are controlled

independently, allowing the ratio of air to fuel to be regulated, to control the
emissions produced by combustion. The objective of the gas combustion model is to
simulate the variation of flame temperature, product temperature and emissions for
the range of mass flow rates of the pilot plant burner.
The outputs of the gas combustion model drive the kiln thermal model. Modelling
combustion is crucial to determining the energy release by the burner and how this
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energy is transferred from the burner to the kiln. This varies with gas flow rate,
airflow rate, temperature, energy released and emissions levels.
During the initial planning stage of development of the pilot plant, a debate arose
whether the pilot plant should be fired using natural gas or propane. The pilot plant
kiln is fired with North Sea natural gas while the bench-top kiln is propane fired. As
the gas combustion model was the first part of the kiln model developed, it was
decided that the gas combustion model should be capable of modelling the
combustion of both gases, especially if the pilot plant were ever changed to propane
fired system.

4.1.1 Gas Combustion Model Accuracy
The accuracy of the combustion model is difficult to define, as measuring the flame
temperature directly, the emissions levels produced and the product flows requires a
range of instrumentation and techniques that are expensive. In the absence of any
measurements, the accuracy of the model is defined in terms of the theoretical values
that the model should produce for ideal combustion. The data relating to ideal
combustion is available from many sources [Borman and Ragland 1998].

The

accuracy of the combustion model is therefore defined by how accurately the model
can produce results compared to theoretical standards used by combustion engineers.

4.2 Combustion Modelling Approach
The accuracy of the combustion simulation model is defined in part by the modelling
approach used. The difficulty in simulating the chemistry of combustion lies with
the understanding of the complete process. Pre-mixed turbulent combustion is the
mixing of air and fuel prior to ignition. The flow is turbulent and difficult to
simulate. Reactions within the flame are highly temperature and pressure dependent.
A number of proposals as to the chemical steps that the fuel and components pass
through in the flame are proposed by Westbrook and Dryer, 1984]. This approach to
modelling the combustion accuracy is too complex for the purposed of the pilot plant
model.
A global approach to modelling combustion is far more suitable. This approach
examines the chemical and energy balance of the reaction, to calculate the heat
released by combustion.

This approach can be further extended to include

combustion with dissociation, which occurs for different air-fuel ratios. The reaction
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temperature, and the temperature of the products produced can be determined for
ideal combustion with this approach. This approach assumes that the gases produced
by combustion are heated by the flame, and carry heat in proportion to their heat
capacity at the reaction temperature. This hot product gas mix flows into the kiln,
and transfers its heat energy to the kiln enclosure through radiation, conduction and
convection.

4.2.1 Combustion Chemistry Modelling
This section describes the fundamentals of combustion chemistry to highlight the
effects air and fuel flow control have on heat energy and environmental gas exhaust
emissions. Combustion is a chemical reaction where hydrocarbon fuel oxidises with
air producing heat [Turns 2000]. The reaction manifests itself as a flame in the
visible and non-visible spectrum. The combustion gas fuel flow rate defines the
energy input to the reaction. The ratio of combustion air to combustion fuel defines
the efficiency of conversion of the fuel energy into heat energy. The gases produced
in the reaction, called the reaction products, vary in composition based on the ratio
of air to fuel. The colour of the flame and the heat released by the reaction are
related to the air-fuel ratio. The ideal stoichiometric air-fuel ratio correctly matches
the hydrogen and carbon molecules in the fuel, to the oxygen molecules in the
combustion air.

Maximum heat is released from the fuel at stoichiometric

combustion conditions. A simplified atom balance can be used to describe the
stoichiometric chemical reaction equation for methane (CH4) combustion with air,
assuming air is 21 percent O2 and 79 percent N2, and can be expressed as:
Combustion Reactants → Combustion Products
CH 4 + 2(O2 +

+ Energy Release

79
 79 
N 2 ) → CO2 + 2 H 2O + 2 N 2  + 55,528(kJ / kgfuel )
21
 21 

(4.1)

Equation 4.1 can be used to determine:
1. The ratio of air to fuel for stoichiometric combustion.
2. The amount of CO2 and H2O products of combustion based on the fuel and air
ratios.
3. The mass of individual products of combustion.
4. The efficiency of combustion.
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Deviation from stoichiometric conditions dramatically affects this reaction. For
example, if excess combustion air is used, the excess quantities of O2 and N2 in the
reactants pass through to the products without reacting with the fuel due to the
absence of fuel molecules [Griffiths and Barnard 1995]. This affects the flame
temperature as the total mass of products relative to the mass of ideal reactants
increases and therefore the energy per mass of products must decrease. Excess air
removes heat from the flame, reducing flame temperature. This in turn affects
chemical reaction mechanisms within the flame.
The air-fuel ratio AF is defined as:
AF =

Ratio of air to fuel
Ratio of air to fuel at stoichiometry

(4.2)

The full reaction equation to model the combustion of a hydrocarbon gas with n
carbon atoms and m hydrogen atoms, at any air-fuel ratio is shown in equation 4.3.
C n H m + (n + m 4)( AF )(O2 + (79 21) N 2 ) → x1 H + x 2 O + x3 N + x 4 H 2
+ x5 OH + x6 CO + x7 NO + x8 O2

(4.3)

+ x9 H 2 O + x10 CO2 + x11 N 2
and

11

∑x
i =1

where:

i

=1

(4.4)

xi = molar fraction of products for one mole of fuel (%)
n = number of carbon atoms in the fuel
m = number of hydrogen atoms in the fuel

The left hand side of equation 4.3 represents the atom balance of the fuel and air
prior to combustion. The carbon C, hydrogen H, oxygen O, and nitrogen N can
combine in the flame into 11 product gases, based on these four elements. These are
H, O, N, H2, OH, CO, NO, O2, H2O, CO2 and N2. The percentage or molar fraction
x1 to x11 of these products depends on the temperature of the reaction and the
reaction pressure. To solve for the eleven unknown molar fractions of the products,
four linear equations are obvious based on reactant balancing:
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C balance : x6 + x10 = n

(4.5)

H balance : x1 + 2 x 4 + x5 + 2 x9 = m
O balance : x 2 + x5 + x6 + x7 + 2 x8 + x9 + 2 x10 = (n + m 4)( AF )

(4.6)
(4.7)

N balance : x3 + x7 + 2 x11 = (n + m 4)( AF )(79 21)

(4.8)

Seven non-redundant hypothetical reactions are used to assist in the solution.
Reaction

Partial Pressure Equilibrium
Constant
1

1
2

H2 ↔ H

K1 =

x1 p 2

K2 =

x2 p 2

(4.9)

1

x42

1

1
2

O2 ↔ O

(4.10)

1

x82

1

1
2

N2 ↔ N

K3 =

1
2

H 2 + 12 O2 ↔ OH

K5 =

1
2

O2 + 12 N 2 ↔ NO

K7 =

H 2 + 12 O2 ↔ H 2 O

K9 =

CO + 12 O2 ↔ CO2

K10 =

where:

x3 p 2
x5
x7
x9
x10

(4.11)

1

x112
1

1

1

1

1

1

(4.12)

x42 x82

(4.13)

x82 x112
1

x42 x82 p 2
1

1

1

x62 x82 p 2

(4.14)
(4.15)

p = partial pressure of the reaction (pa)
Ki = the ith partial pressure equilibrium constant

The partial pressure equilibrium constants Ki for each of the products are highly
temperature dependent.

These eleven equations can be solved if the reaction

temperature is known.

4.3 North Sea Natural Gas
North Sea natural gas is the brand name used in Britain to describe a mixture of sub
sea gases. The dominant component is methane, accounting for 95% of its volume.
Table 4.1 gives a breakdown of the constituents of this gas [Tucker 2000]. The
mixture may vary over time, but for the purposes of this work, and in the absence of
a mass spectrometer reading in Leeds, it is taken to be the figures listed below.
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Name
Chemical Symbol Volume (%)
Methane
CH4
94.4
Ethane
C2H6
3.22
Propane
C3H8
0.6
n-Butane
C4H10
0.2
n-Pentane
C5H12
0.07
Carbon Dioxide
CO2
0.05
Nitrogen
N2
1.46

Mass (%)
89.21
5.70
1.56
0.68
0.29
0.13
2.41

Table 4.1. Properties of North Sea Natural Gas.
The first five components listed in table 4.1 are combustible, and have unique
stoichiometric air-fuel ratios.

The stoichiometric air-fuel ratio for natural gas

depends on a combination of these constituents burning at stoichiometric conditions.
In the simulation model developed in this thesis, the air available for combustion
with each gas component is assumed to react with these components in the ratio of
their mass. The principle of superposition is used to approximate the full chemical
reaction of combustion, though the system is not strictly linear. Each gas component
is assumed to react independently. The total heat produced and products of
combustion are the algebraic sum of each component reaction. This is justifiable as
methane is the dominant component in the reaction.
The breakdown of the data gathered and calculated, relating to natural gas is listed in
table 4.2 below. This data is used to access and understand the operation of the kiln
burner at stoichiometric conditions.
Name
CH4
C2H6
C3H8
C4H10
C5H12
CO2
N2

Molecular
Weight
(kg/kmol)
16.04
30.07
44.1
58.12
72.15
44.011
28.013

Mass
per kg
of fuel
(kg)
0.9013
0.05763
0.00556
0.00692
0.003
0.0013
0.0243

Air-Fuel StoichiReaction
Energy
Ratio
ometric Temperature Released
(kg/kg) Air (kg)
(K)
(kJ/kg)
fuel
17.1298 15.282
2225
49539
15.9905 0.9122
2259
2961
15.5761 0.2428
2267
786
15.3644 0.1052
2270
340
18.91
0.0562
2272
146

Total
Average

16.599

2227

53770

Table 4.2. North Sea natural gas data used to develop the gas combustion model.
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Name
CH4
C2H6
C3H8
C4H10
C5H12
CO2
N2

AF
1
1
1
1
1
1
1

T (K)
2225
2259
2267
2270
2272

Natural
Gas

1

2227

H (%)
0.039
0.0487
0.0527
0.055
0.0563

0.03893

O (%)
0.021
0.031
0.0356
0.0383
0.0401

0.0214

N (%)
0.00
0.00
0.00
0.00
0.00

0.00

H2 (%)
0.361
0.3586
0.3538
0.3503
0.3478

OH (%)
0.286
0.3305
0.3474
0.3561
0.3614

CO (%)
0.888
1.1936
1.3319
1.4104
1.4608

NO (%)
0.198
0.2445
0.2646
0.2759
0.2831

0.35147 0.28293 0.89508 0.19745

O2 (%)
0.462
0.5775
0.6287
0.6575
0.676

0.4614

H2O(%)
18.399
15.814
14.789
14.235
13.888

CO2(%)
8.5429
9.714
10.176
10.422
10.567
100

N2 (%)
70.86
71.68
72.019
72.198
72.31

17.686

8.5671

71.5689

H2O(%)
9.9772
8.6122
8.0607
7.7624
7.5756

CO2(%)
4.9898
5.7436
6.0481
6.2128
6.316
100

N2 (%)
75.009
75.54
75.755
75.87
75.943

5.065

75.5848

100

Table 4.3. Percentage products of combustion for Natural Gas at stoichiometric conditions with dissociation.

Name
CH4
C2H6
C3H8
C4H10
C5H12
CO2
N2

AF
2
2
2
2
2
2
2

T (K)
1478
1510
1523
1530
1534

Natural
Gas

2

1482

H (%)
0.00
0.00
0.00
0.00
0.00

0.00

O (%)
0.00
0.00
0.00
0.00
0.00

0.00

N (%)
0.00
0.00
0.00
0.00
0.00

0.00

H2 (%)
0.00
0.00
0.00
0.00
0.00

OH (%)
0.005
0.006
0.007
0.0073
0.0075

0.00

0.00498

Table 4.4. Percentage products of combustion for natural Gas with 100% excess air.
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CO (%)
0.00
0.00
0.00
0.0001
0.0001

0.00

NO (%) O2 (%)
0.08006 9.9385
0.09417 10.003
0.10032 10.028
0.10376 10.042
0.1059 10.0511

0.07938

9.694

9.593

100

The emissions produced per kilogram of natural gas are listed in table 4.3 at
stoichiometric conditions, and in table 4.4 for an air-fuel ratio of double
stoichiometric ratio. These results were generated using a windows stand-alone
program called ‘HPFLAME.HP’ which is supplied as an accompaniment to the book
by Turns, 2000.
These results are presented for four reasons:
1. Results for the individual combustion of each gas component are used to
verify the gas combustion model sub-components.
2. Results show the combustion products of the constituent components within
natural gas, and the reaction temperature at two air-fuel ratios. This provides
input and outputs validation data for the gas combustion model.
3. Results show that initial modelling of the combustion of natural gas is close
to the combustion of pure methane.

This provided a starting point for

developing the gas combustion model, from which a good first approximation
of the energy released and combustions products can be initially found.
4. The adiabatic flame temperature of North Sea natural gas is 2220 K
according to Turns, 2000, at stoichiometric conditions. This correlated well
with a temperature of 2227 K calculated in table 4.2.

The products of

combustion at stoichiometric conditions are also listed as N2 71.617 %, H2O
18.753 % and CO2 9.627 % without dissociation.

This shows that the

assumptions about the modelling approach are well founded.

4.4 The Gas Combustion Model
A single 248 kW natural gas burner is used to heat the pilot plant kiln. The burner
outlet nozzles cause turbulent mixing of gas fuel and air, which combust and release
fuel energy via the flame and combustion products. Average flame temperature is a
function of the burner design, air-fuel mix ratio and reaction temperature. Flame
energy in transferred to the kiln in two ways, as radiant energy emitted from the
combustion products and by these products travelling through the kiln [Baukal
2002].
The gas combustion model simulates the chemical reaction between methane gas and
air in the burner over a range of air-fuel mix ratios. The Simulink block developed in
this thesis to model combustion is shown in figure 4.1.
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Prod Flow
Air Flow

Prod Temp
React Temp

Fuel Flow

Energy Out
Emissions

Gas Burner Model

Figure 4.1. Gas burner combustion model block.
Both the combustion air and the gas fuel model inputs must be set as mass flow
rates. The model outputs are combustion product mass flow rate, the temperature of
the combustion products, the reaction temperature of combustion, the energy
released by the reaction and the combustion products in percentage. The listing of
the program is given in appendix 2. The model solves a set of non-linear chemical
equations, in the presence of varying air-fuel ratio and mass flows and these model
outputs are used as inputs to the kiln temperature model.
The combustion model calculates the temperature of the flame reaction, the products
of combustion, the temperature of the products, the flow of combustion products,
and the energy released by combustion. The model calculates the equilibrium mole
fractions and partial derivatives of the mole fractions with respect to temperature,
pressure and air-fuel ratio. The combustion model is based on work conducted by
Borman and Olikara, 1975, working on internal combustion engines. This thesis
takes their work and develops a method for solving the non-linear polynomial
equations (4.3 to 4.15) using iterative methods. This solution is then implemented in
Matlab using the features of its matrix-based environment.
The model uses an initial estimate of the reaction temperature based on the air-fuel
ratio. Using this value of temperature, the partial pressures are calculated for the
reactions. These eleven equations are then expresses as a set of Taylor series in
matrix format and the eleven nonlinear polynomial equations are solved using
numerical techniques until the solution converges.

The reaction temperature is

calculated and the solution is re-calculated based on this temperature, until the
solution converges to a tolerance of 1 K. The program used is listed in appendix 2.
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The molar fraction solutions x1 to x11 are the percentage emission levels in the flame
produced the burner. This allows the flame average temperature to be determined,
based on the products and their specific heat capacity at the flame temperature. The
volume and flame length are calculated based on the products in the flame and the
percentage CO2 and H2O allow the flame radiance be determined for the air-fuel
ratio of the burner [Grosshandler 1980]. These are the parameters needed to drive
the kiln thermal model to simulate the temperature within the kiln.

4.4.1 Combustion Model Data Collection
The data gathered for the model is as follows:
1. Fuel properties of natural gas. This includes its molecular weight, enthalpy,
and calorific value per kilogram.
2. The properties of combustion air, including its specific heat capacity and
enthalpy.
3. Approximate reaction temperature based on the air-fuel ratio. The variation
of reaction temperature with air-fuel ratio is published in Baukal, 2002. This
data is converted into a polynomial that calculates an approximation of the
reaction temperature, reducing the number of iterations used to solve
equation 4.3.
4. Universal gas constant R.
5. Properties of the eleven products of combustion. This includes the molecular
weight and specific heat capacity.

Coefficients for the eleven polynomials

relating the enthalpy of each product gas against temperature.

4.4.2 Combustion Model Verification
The gas combustion model was verified using data shown in table 4.3. The submodels within the gas burner model were tested for a known set of input-output data.
The results for each component and the relative errors are listed in table 4.5 below.
The source of the errors lie with the approximation to the coefficients of the
polynomials used to determine the partial pressure equilibrium of the eleven
combustion products.
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CH4
Theoretical
Simulated
Error (%)

AF
1
1

CO (%)
Theoretical 0.8885
Simulated 0.8934
Error (%) -0.553

H (%)
0.03889
0.03905
-0.411

O (%)
0.02144
0.02133
0.513

N (%)
1.416e-6
1.412e-6
0.282

H2 (%)
0.36106
0.36320
-0.593

OH (%)
0.28597
0.28526
0.248

NO (%)
0.19873
0.19737
0.684

O2 (%)
0.46237
0.45741
1.073

H2O(%)
18.3994
18.3386
0.330

CO2(%)
8.54292
8.53853
0.051

N2 (%)
70.8607
70.8657
-0.007

Table 4.5. Results for the verification of the gas combustion model.

4.4.3 Combustion Model Validation
This comparison test examines the response of the gas combustion model at two
fixed value operating points. The gas combustion model is used to account for the
change in flame temperature and combustion products over a range of air-fuel ratio
between 1 and 3. This validation test is to a CLIMB level of 2. Validation results are
presented in table 4.6 for the simulated and theoretical values, for two air-fuel ratios.
Methane

AF
Theoretical
1
Simulated 1
Error (%)
Theoretical
2
Simulated 2
Error (%)
Theoretical
3
Simulated 3
Error (%)
Theoretical

Simulated
Error (%)
Theoretical

Simulated
Error (%)
Theoretical

Simulated
Error (%)

T
2225
2137
4
1482
1433
3.3
1137
1149
1.05

CO (%)
0.89508
0.843394
5.774
0.00
0.00
0.00
0.00
0.00
0.00

H (%)
0.0389
0.0347
10.712
0.00
0.00
0.00
0.00
0.00
0.00

O (%)
0.0214
0.0192
10.280
0.00
0.0100
0.00
0.00
0.00
0.00

N (%)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

H2 (%)
0.35147
0.33201
5.537
0.00
0.00
0.00
0.00
0.00
0.00

OH (%)
0.28293
0.26223
7.316
0.00
0.00
0.00
0.00
0.00
0.00

NO (%)
0.1974
0.1851
6.232
0.0793
0.0792
0.126
0.01
0.009
10

O2 (%)
0.4614
0.4333
6.071
9.694
9.6912
0.403
13.527
13.442
0.63

H2O(%)
17.686
17.67033
0.089
9.593
9.58753
0.312
6.765
6.760
0.06

CO2(%)
8.5671
8.62229
0.644
5.065
5.06172
0.365
3.382
3.380
0.06

N2 (%)
71.5689
71.5971
-0.039
75.5848
75.5747
0.076
76.31
75.52
1.05

Table 4.6. Validation of the gas combustion model.
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The function of this validation test is to examine the input-output relationship of the
combustion model with the input-output relationship for a theoretical combustion
model.

These results above show that the simulation model is accurate for

measuring the three combustion products of interest CO2, H2O and N2, to within 0.65
% of their theoretical values. The other trace elements in the combustion products
are calculated less accurately due to their relative magnitude. The error in these
values is of interest when the CO2, H2O and N2, levels are inaccurate, as these trace
elements reduce the accuracy of predicting the main products of combustion. The
technique employed shows a good correlation to the change in the trace combustion
products with varying air-fuel ratio. However, this technique only provides insight
into the variation of NOx with air-fuel ratio, and for the purposes of NOx monitoring,
the chemistry ignores the formation of prompt NOx. This is a limitation of the
technique used to model combustion. For the intended purposes of the combustion
model, the combustion model models the variation of temperature and the three
gases of main interest CO2, H2O and N2 with sufficient accuracy for the pilot plant.
The combustion model performance over its intended range of air-fuel ratio is shown
in figure 4.2 below. This graph is used to validate the combustion model at five
points, designated by a circle, over its operating range. Model credibility is high for
the model as it shows a good correlation with the measurement points. Figure 4.2
shows that the model is valid for its intended purpose of predicting the variation of
emissions and reaction temperature over its operating range.
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Variation of Reaction Temperature and Emissions with Air-Fuel Ratio
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Figure 4.2. Pollution and temperature variation with air-fuel ratio.

4.5 Combustion Efficiency
Combustion efficiency may be determined in two ways [Borman and Ragland 1998].
Efficiency can be determined based on fuel analysis measurements of air and fuel
into the burner. The air–fuel ratio can be used to calculate flame temperature,
energy release and product species.

Exhaust gas analysis measures the

concentration of CO2 (or O2) in the exhaust gases. Figure 4.2 shows CO2 levels
reaching a maximum at stoichiometric conditions while O2 levels reach a minimum.
This technique is only applicable when exhaust gases are solely generated by the
burner. The presence of tramp-air leaking into the kiln or combustion products in the
exhaust due to pellet materials in the kiln burning distorts emissions readings. Both
combustion efficiency techniques are used in the pilot plant system to monitor
combustion.
These effects are shown in figure 4.2, which shows how the flame temperature varies
with increasing air-fuel ratio. The CO2 and O2 levels indicate stoichiometric
conditions, and normal operation is accepted to be at AF = 1.05. At this operating
point, the flame temperature has maximum radiance produced by the CO2 and H2O
products only [Hottel 1968]. Flame radiance decreases with increasing air-fuel ratio
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as CO2, H2O, and combustion temperature reduces. Excess O2 and N2 air molecules
absorb flame heat, and reduce the energy per mass of combustion products. This
causes the CO2 and H2O product temperatures to reduce and as excess O2 and N2
produce no thermal radiation, flame radiance decreases. This has a direct affect on
the heat transfer within the kiln [Modak 1978].
A disadvantage of operating at efficient combustion conditions is the high CO level
produced when the air-fuel ratio is close to unity. CO emissions levels are strictly
regulated for combustion systems [2000/39/EC]. One possible solution to reducing
CO levels is to burn lean, but the excess air causes NOx emission levels to increase
above permitted levels, due to the excess O2 and N2 in the combustion air reacting.
Operating the burner at levels above the maximum NOx point reduces the total
pollutants but the levels of unburnt hydrocarbons (UHC) increases rapidly
decreasing fuel efficiency and UHC emission may exceed permitted levels. The
challenge to controlling combustion efficiency is to maximise the energy released by
the fuel while operating within permitted pollution levels.
At steady state flow conditions, the flow of exhaust gases out of the kiln exhaust
must equal the mass flow rate of combustion products into the kiln. Heat lost
through the exhaust is therefore related to gas burner flow rates and the ratios of
emissions gases in the kiln. Heat losses through the exhaust increase when the burner
is operated with excess air. Each of the emission gases in the exhaust has a specific
heat capacity that is highly temperature dependent, and this affects the thermal
efficiency of combustion. The ideal objective is to remove as much heat energy from
the combustion products as possible inside the kiln. However, the EU directive
2000/39/EC stipulates that exhaust gases must be above 1100 K for a dwell time of
2 s in the exhaust prior to exiting to atmosphere. This places further restriction of
the overall operating efficiency of the process.
The combustion model simulates the effect excess air has on combustion heat release
and the emissions levels from the burner. The heat energy release is used to drive
the kiln thermal model while the emissions data is used to calculate heat loss through
the exhaust.
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4.6 Exhaust Gas Emission Measurements and Control
The products of combustion from the kiln burner flow into the kiln fill the kiln gas
volume and exit through the exhaust to atmosphere. Measurements taken in the
exhaust using a sampling system are used to establish the environmental emissions
of the process [Clarke 1998].

A continuous sample of exhaust gases is drawn

through a heated line to a sampling system. The sampling system measures the
particulate content on a dry basis by removing H2O from the emissions. Combustion
efficiency can be calculated from CO2 or O2 dry gas reading.

However, the

sampling system used on the pilot plant has a dead time of the order of 1 min.
Emissions levels are corrected to 11% O2 to standardise emission levels. Nitric
Oxides are restricted to 500 ppm and CO is restricted to 42 ppm at standard pressure
(1 atm) and temperature conditions (273 K) [2000/39/EC].
As discussed in the previous section, emissions may be controlled via the air-fuel
ratio. The efficiency of combustion is highly reduced if NOx emissions are to be
controlled using air-fuel control. Alternative emissions control techniques must be
considered at the pilot plant stage [Schnelle 2002]. One technique involves adding
an abatement system that flares excess CO levels and ensures exhaust temperatures
are above 1100 K for a minimum period of 2 s. NOx may be removed in a number of
ways, by using a low NOx burner [Andrews et al, 1992] or by using exhaust gas recirculation, which feeds part of the exhaust gas back into the burner. No abatement
system is used on the pilot plant at present. The kiln will be run at different air-fuel
ratios and the resulting efficiency levels compared.

4.6.1 Emissions Model Validation
The function of this validation test is to determine the validity of the combustion
model at a CLIMB level of 5, for the CO2 produced by the model. Validation output
data is gathered from the pilot plant using the emissions monitoring system, for three
air-fuel ratios, for use in a comparison test. The environmental gas emissions
produced by the model are compared to the pilot plant emissions data. The air-fuel
ratio is examined at three static operating points, 1.287, 1.5 and 1.835. As the
air-fuel ratio increases, the combustion temperature reduces and the levels of CO2
measured in the exhaust should decrease. The model and pilot plant measured
response is presented in figure 4.3. The emissions measured in the exhaust are made
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up of combustion products and tramp air. The CO2 sampling system measures the
dry content of the exhaust gases, which is not the same as the pure combustion
product concentration produced by the burner.
Predicted CO2 Emissions (dry) in Kiln Exhaust
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CO2 dry Exhaust Gas Emissions (%)

8
7
6

Compensated dry CO2 (red)
Simulated dry CO2 (black)
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Figure 4.3. Emissions levels predicted for the kiln during triple test modelling.
The environmental emissions measuring system measures dry CO2 only using the
heated sampling system for three air-fuel ratios of 1.3, 1.5 and 1.8 respectively. A
time delay is introduced by the sampling system when measuring the dry CO2 levels
in the kiln exhaust. The results generated from the model are compared to the
predicted dry CO2 levels detected by in the exhaust shown in figure 4.3. The
measured data shown recorded no readings from the CO2 sampling system during the
initial 20 minutes, but the CO2 levels reach 9 % when the sensor starts to record.
The change value of the CO2 levels for a fixed air-fuel ratio shows how the
emissions levels vary for a real system, but the level predicted by the model are close
to the average reading. The change in level of the CO2 readings for the kiln when
the air-fuel ratio is increased is clearly visible by both systems. The sampling delay
is evident for the kiln system when compared to the modelled CO2 output transient.
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For the third step response, the simulation model again predicts the correct change in
CO2 levels for the given air-fuel ratio. It can be concluded that the simulation model
adequately predicts the relative changes in CO2 emissions for the kiln system. This
therefore can be extended to use the model to predict the H2O, O2 and CO levels
produced by the kiln burner.

4.7 Conclusions
The theoretical combustion of natural gas and other hydrocarbon gas fuels can be
simulated using the gas combustion model. The model has been validated against a
standard combustion program with dissociation, and validated within 1%. The gas
combustion model can now be used to simulate the combustion of gas from the pilot
plant kiln burner to produce the heat, emissions and product flow that the drive the
kiln thermal model.
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Chapter 5 Trefoil Kiln Thermal Model
5.0 Introduction
This chapter describes the development of the pilot plant kiln thermal model. The
kiln thermal model is based on the Hottel Zone Method approach to modelling
radiative heat exchange within the kiln. The theory behind the Hottel Zone Method
is outlined and its suitability as the foundation on which the kiln model is built is
discussed. Customisation of the radiation parameters within the Hottel Zone Method
to represent the non-uniform cross sectional profile of the kiln is described. The kiln
drum enclosure is divided into gas and surface zones and the development of a set of
simulation building blocks to simulate the thermal behaviour of surface and gas
zones using the Hottel Zone Method are described. The construction of the Hottel
Zone Method using these building blocks is presented and validated against test data
taken from the pilot plant kiln.

5.1 Choosing a Kiln Heat Transfer Modelling Paradigm
Modelling heat transfer from a combustion flame to the walls and gases of a kiln
provides insight into the three mechanisms of heat transfer within the kiln,
conduction, convection and radiation. Radiation is the dominant mode of energy
transfer from a flame and its combustion products to the walls and gases in the kiln
and accounts for up to 90 % of total energy transfer [Baukal 2002]. Two possible
approaches to modelling this heat transfer mechanism within the kiln are outlined
below.
Computational Fluid Dynamics (CFD) software packages dominate the field of heat
transfer modelling, due to their wide applicability to complex systems [Tucker
1986]. CFD is used to design and redesign thermal systems to high accuracy by
generating steady state and dynamic solutions to heat transfer problems [Bui 1995],
[Boateng and Barr 1995]. Work has been conducted using CFD to examine heat
transfer through a trefoil kiln wall [Martin et al 2003] and steady state examination
of the flow field and heat transfer in the pilot plant kiln [Mc Keever and Kelly 2003],
but these models are only suitable for steady-state analysis. Controller design is not
possible within the CFD environment, which makes it an unsuitable tool for
investigating the operation of the pilot plant under control.
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One method employed prior to CFD modelling, the Hottel Zone Method [Hottel
1967], divides the kiln enclosure into zones, and calculates the net radiation energy
transfer between zones, based on shape, size and orientation. The Hottel Zone
Method allows convection and conduction heat transfer mechanisms to be included
in the model. The Hottel Zone Method numerically solves energy equations
expressed as differential equations and is well suited to computer simulation. This
distributed parameter modelling approach to heat transfer modelling can be
implemented in Simulink. Models can be validated in open and closed loop, and are
easily integrated into the controller design.
The application of a first principles model has been used to simulate both steady
state and dynamic behaviour of kilns and furnaces. The main function of these
models is to simulate heat transfer from a heat source to the walls and heat load of
the system. The radiative transfer of heat from the gases in a furnace heated by a
combustion flame is examined by Hottel and Sarofim, 1965, which uses the zone
method to highlight the effect the gas flow pattern has on heat transfer to the load at
steady state conditions. Guruz and Buc, 1981, examined the application of the zone
method for predicting the longitudinal temperature profile of a cement kiln operating
at steady state. Jenkins and Moles, 1981 also used the zone method to predict the
gas and wall temperature profile in a rotary kiln, to predict optimal steady state
operating conditions in the kiln. Pearce, 1973, examined the heat transfer in a kiln to
determine the longitudinal temperature profile for two kilns.

Chapman, 1989,

examined the use of the zone method to predict the heat transfer from a flame to the
load in a reheat furnace.

Andy et al, 1991, utilised a first principle model

incorporating radiative heat transfer based on Hottel’s work to model the heat
transfer in a pilot plant refractory rotary kiln. Ghoshdastidar and Unni, 1996, present
a steady-state heat transfer model for a cement kiln to determine gas, solid and wall
temperature profiles.
Spang, 1972, uses a first principles model to examine the temperature profile of a
cement kiln due to the chemical and thermal dynamics of the kiln bed. Bui, 1982,
also developed a model for a cement kiln, to predict the temperature profile of the
kiln. Tscheng and Watkinson, 1979, developed a convective heat transfer model of a
rotary kiln to determine the parametric effect of rotation speed, firing rates and
materials have on the convective heat transfer from the gas and walls to the bed.
Rovaglio et al, 1998, developed a first principles model of an incinerator kiln to gain
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knowledge of the system dynamics to allow the process to be of practical value for
controlling the kiln. Ward, 1999, uses the zone method to predict fuel consumption
of a reheat furnace under start-up to assess the fuel consumption of the process.
The pilot plant kiln model developed in this thesis is based on the Hottel Zone
Method of modelling thermal radiation within an enclosure. The above survey of
first principles modelling literature shows the diversity of application of the zone
method to heat transfer problems in furnaces and kilns. The literature also shows
that the size of enclosure that may be simulated using the Hottel Zone Method far
exceeds the size of the pilot plant kiln or any proposed full-scale commercial kiln.
Therefore, any model knowledge gained during the development of the pilot plant
model may be used in the development a full-scale plant model using an identical
modelling paradigm.

5.2 Modelling Radiative Heat Transfer – The Hottel Zone Method
The Hottel Zone Method is used to simulate steady state and dynamic heat transfer
within a radiating enclosure.

The enclosure is subdivided into isothermal gas

volume and surface area zones. The total radiation energy balance on each zone is
determined by calculating the difference between the energy a zone radiates to the
total enclosure, and the radiant energy received by the zone from the total enclosure.
Radiation energy transfer can be calculated if the following information about each
zone is known [Modest 1993].
1. Zone temperatures. The net radiant energy transfer between a pair of zones is
related to temperature difference between the zones.
2. Zone emissivity. Emissivity of the zone defines the radiant energy transmission
and absorption rate between a set of zones.
3. Zone relative orientation. The orientation of the zones defines how each zone
‘sees’ the other, a geometric function known as the view factor. The view factor
affects the energy transmission between the zones.
4. Transmissivity of the intervening medium between the zones. As radiant
energy is transmitted through the intervening gas media between a pair of zones,
the gas absorbs energy. The absorption rate of the gas varies with temperature
and gas concentration. The intervening gas clouds the ‘view’ between zones.
When the gas is a mixture of combustion products (CO2, H2O, N2), each gas
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component must be considered separately to determine the overall absorption
rate of the intervening gases.
The net rate of radiation heat exchange between a ‘gas and surface’ zone pair is
given by the general equation:
.

Qrad = GSσTg4 − SGσTs4
where:

(5.1)

.

Q rad = radiant heat exchange between a surface and gas zone (W)
GS =directed flux area between a gas zone to a surface zone (m2)
SG = directed flux area between a surface zone to a gas zone (m2)

Tg

= gas zone temperature (K)

Ts

= surface zone temperature (K)

σ

= Stefan-Boltzmann constant (W/m2K4)

The directed flux area parameters GS and SG account for the view factor between
the two zones, the emissivity of the zones, the attenuation coefficients of the
intervening gases and zone temperature effects. The directed flux areas are
calculated as part of the Hottel Zone Method.
The Hottel Zone Method specifies four types of directed flux area, SG between a
surface and a gas zone, GS between a gas and surfaces zone, SS between surface
zones and GG between a pair of gas zones. Directed flux areas must be found for
each surface and gas zone within the enclosure. Each zone is assumed isothermal
and must have the capacity to store thermal energy. The net energy storage of a zone
is calculated in three parts, conduction from the adjacent zones, advection from
adjoining zones, and radiation from all zones. The net energy accumulation of each
zone is expressed as a differential equation, and solved for the zone temperature.

5.2.1 Benefits of Using the Hottel Zone Method
The advantages of using the Hottel Zone Method are:
1. It is a tried and tested method.

Extensive research work modelling kilns,

furnaces and boilers has been accomplished using this method [Boateng and
Barr 1995]. However, this is the first time a trefoil kiln will be modelled and
therefore the first application of the Hottel Zone Method to trefoil rotary kilns.
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2. It uses matrix mathematics to determine the direct exchange areas for the kiln.
This is ideally suited for calculation in the Matlab and Simulink environment.
3. Radiation interchange calculations are easily integrated into total energy
equations. These equations can be solved using Simulink.
4. It allows dynamic simulation of radiative heat transfer modelling using
distributed parameter-modelling techniques.
5. A zone method based model of the pilot plant can be used in the design of the
kiln controller.
However the disadvantages of using this technique are:
1. The view factors for each zone must be calculated by solving up to sixth order
integral equations. For rectangular and cylindrical profile kilns, Hottel provides
a set of normalised tables from which the view factors or as Hottel prefers, the
__

__

__

__

direct exchange area ss , sg , gs , and gg may easily be determined. However due
to the uniqueness of the trefoil profile of the kiln, direct exchange area factors for
the trefoil kiln are not suited to Hottel’s tables. Direct exchange areas for the
trefoil kiln have to be calculated from first principles but in doing so, the choice
of zone shape and size is unrestricted.
2. The accuracy of the radiation model depends on assumptions made about the
gases in each volumetric zone. The gases that fill the gas zones of the kiln are
the products of combustion. The air-fuel ratio defines the percentage mix of
CO2, H2O and other gases (assumed to be clear) in the products. Modelling of
combustion assumes perfect mixing of fuel and air, and that the combustion is
complete within a short distance of the burner. A good knowledge of the flame
is required to fulfil these requirements.

5.2.2 Hottel Zone Method Parameters
Three sets of parameters must be established for an enclosure in order to evaluate the
radiant heat exchange between zones in the enclosure. These three parameter types
are outlined in table 5.1 [Tucker 1986]. The direct exchange area matrix accounts
for the direct transmission of energy from a zone to the rest of the enclosure. This is
a function of the geometry of the enclosure and the gases that fill the enclosure. The
total exchange area matrix accounts for directly transmitted and multiple reflection
radiation from a zone. This is calculated using the direct exchange area matrix. The
directed flux area accounts for the effects that the zone temperature has on the total
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exchange area matrix, and is calculated using the directed flux matrix and the zone
temperatures.
Name

Designation

Function of:
Geometry, grey gas attenuation
coefficient k

Direct Exchange Area

g i g j , g i s j , si s j

Total Exchange Area

Gi G j ,Gi S j , S i S j

Geometry, k, surface emissivity ε

Directed Flux Area

Gi G j ,Gi S j , S i S j ,

Geometry, k, ε, Radiation source
temperature

Table 5.1. Relationship between parameters used in the Hottel Zone Method.
The development of the direct exchange area matrices, the total exchange area
matrices and the directed flux matrix is outlined in the next sections.

5.3 View Factor and Direct Exchange Area
The quantity of radiative energy any two surfaces exchange depends in part on size,
distance of separation, and orientation. These parameters are grouped into a single
geometric function known as a view factor [Modest 1993]. In order to explain the
origins of the equations used to determine the radiant interchange within an
enclosure, the interchange of energy between surfaces must be described. If the
centre of a black surface lies at the centre of a hemisphere of unit radius, a pencil of
radiation emitted from the centre point on the surface will project onto the surface of
the sphere an area dA’’, shown in figure 5.1 [Modest 1993].

dA’’

ni
dAi

1

Figure 5.1. Radiation emission direction and solid angle within a unit hemisphere.
The relationship between the area dA’’ and the squared radius of the hemisphere is a
constant, called the solid angle Ω.

The solid angle is related to the surface of a
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sphere in the same way an ordinary angle in radians is related to the circumference
of a circle. The solid angle is defined as the ratio of the area projected by the beam
on the surface area of a hemisphere, to the radius square of the hemisphere, i.e.:

Ω=

dA ''
S2

(5.2)

where:
Ω = solid angle (sr)
dA" = projected area onto the hemisphere surface (m2 )
S = radius of the hemisphere (m)
The solid angle of a beam of radiation emitted from a point on surface dAi is shown
in figure 5.2 [Modest 1993]. The projected area on the unit hemisphere, using
spherical coordinates is:

dA" = ( sin θ i ) dθ i dψ

(5.3)

ni

dAj
njcosθj
dA”

1
θi

nj
θj

dθi

dAp

sinθidψ

P
dAi

dθi

dψ

Figure 5.2. Definition of solid angle and surface projection onto a hemisphere.
The black surface dAi emits radiation in all directions which must pass through the
hemisphere. Every medium continuously emits electromagnetic radiation into all
directions dependent on temperature and medium. The radiative heat flux from a
surface is called the emissive power E. Radiant Intensity, I, is a measure of the
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intensity of a beam of radiation, and is defined as the ratio of the power emitted
normally to the surface, to the solid angle of the beam.
I=

E
Ω

(5.4)

where:
I = radiant intensity (W/m2sr)
E = total hemispherical black emissive power (W/m2)
If the beam of radiation is incident on a second surface dAj also shown in figure 5.2,
then the solid angle between the point on surface dAi and the surface dAj can be
found by projecting all the points on dAj back to an equivalent hemispherical surface
dAp. This is shown in the upper right part of figure 5.2. Each point on surface dAj
has a surface normal nˆ j which lies at an angle θj to the normal of the beam. The
projection of the surface at any point on to dAp is therefore:
dAp = cos θ j dAj

(5.5)

Therefore, the solid angle for the surface dAp is:
cos θ j dAj
Ω =∫
S2

(5.6)

For this equation S and θj are variables over the surface dAj.
Using equations 5.4 and 5.6, the emissive power E is:
E = ∫ I cos θ i dΩ

(5.7)

The portion of flux emitted from dAi incident on the surface dAj, E total i- j is:
Etotali− j
=



 cos θ j dAj  

 I cos θ  ∫
 dA ∫∫
∫=
S



i

2

i

I cos θ i cos θ j
S2

dAi dAj

(5.8)

If the surface is diffuse (intensity is independent of the angle at which it is observed)
then by definition the intensity is constant over the surface i.e.:
I (θ i , Ω) = constant

Considering figure 5.1 and 5.2 again, the total heat flux over the whole surface dAi is
intercepted by the unit hemisphere:
=
Etotali

2π

π

=
θ i d Ω I ∫ ( ∫ cos θ i sin θ i=
dθ i )dψ π I ∫ dAi
∫ I cos
0

2

0
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(5.9)

The view factor between two infinitesimal surface elements dAi and dAj is defined as:
dFdAi −dAj =

diffuse energy leaving dA i directly towards and intercepted by dA j
total diffuse energy leaving dA i

dFdAi − dAj =

∫∫

I cos θ i cos θ j
S2
π I ∫ dAi

dAi dAj

(5.10)

For two finite surfaces Ai and Aj, equation 5.10 can be transformed to give the view
factor as:
Fij =

1
Ai

∫∫

cos θ i cos θ j

π S2

dAi dAj

(5.11)

This accounts for the direct interchange of radiant energy from surface Ai to Aj. If
the medium between the surfaces is a gas that absorbs energy then the transmittivity
of the gas is:

τ = e − kS

(5.12)

where:
τ = transmittivity of the gas
k = gas attenuation coefficient
This attenuates the transmission of energy between two surfaces, which transforms
equation 5.11 to:
Fij =

1
Ai

∫ ∫e

− kS

cos θ i cos θ j
πS 2

Ai A j

(5.13)

dAi dAj

To evaluate the view factor between any two surfaces within an enclosure, equation
5.13 may be solved analytically [Sparrow 1963] for simple geometrical enclosures.
Complex geometrical enclosures require a solution for the angles θi and θj in terms
of S and may then be solved using quadrature techniques [Davis and Rabinowitz
1975].
This may be simplified as the view factor Fji is related to Fij by the expression:
Fij =

Aj
Ai

F ji
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(5.14)

To simplify and reduce calculations the view factor is combined with its area to give
__

rise to the term direct exchange area ss :
(5.15)

si s j = Ai Fij = A j F ji = s j si

The radiation directly emitted from surface Ai incident on surface Aj, assuming the
surfaces are black is given by the equation:
Q i → j = si s j Ei

(5.16)

The radiation exchange between the two surfaces can only be found if the direct
exchange area is calculated.

5.3.1 Calculating the View Factor for a Set of Parallel Walls
The solution to the double surface integral in equation (5.13) when applied to a set of
parallel walls in a furnace is found by determining expressions for cosθi and cosθj in
terms of S. Applying co-ordinates to each surface, surface integrals can be converted
into line integrals. These integrals can be solved using numerical techniques. For
example, figure 5.3 shows how the direct exchange area coefficients are determined
for two opposing walls of a rectangular furnace separated by a clear gas
(i.e. N2 k = 0). This problem has an analytical solution [Howell 1982], which was
used to validate the general approach taken in this thesis and the numerical solution
techniques used.

A2

(x2,y2)

n̂1

z

θ1
y

S

(x1,y1)

θ2

n̂ 2

a

A1

x

Figure 5.3. Geometrical explanation for view factor calculation for parallel furnace
wall zones.
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The view factor is solved by observing that cosθ1 and cosθ2 are equal. Imposing a
Cartesian co-ordinate system (x1,y1) to surface 1 and (x2,y2) to surface 2, cosθ1 may
easily be determined as:
a
S

cos θ1 =

( x2 − x1 ) + ( y2 − y1 )
2

where S =

2

(5.17)

and the surface integrals become:

∫ dA

1

=

∫∫ dx dy
1

1

and

∫ dA

2

=

∫∫ dx dy
2

2

(5.18)

yielding the equation:
F12 =

1
A1

∫ ∫∫∫ π ((x

a2
2

− x1 ) + ( y 2 − y1 )
2

)

2 2

dx1 dy1 dx 2 dy 2

(5.19)

The analytical solution to this problem is used to verify and validate the initial
versions of the numerical integrator programs written in Matlab, by varying the
distance of separation of the walls and the surface area of the walls. A set of tables
provided by Hottel for rectangular furnaces also provides a second validation
mechanism to this problem. This helps to build confidence in the solution approach
taken to solve equation 5.19, using a fourth order numerical integrator, for a range of
quadrature techniques.

5.3.2 Trefoil Surface to Surface Direct Exchange Area
The direct exchange area between two surface zones in the kiln is found by
integrating equation 5.13, over both surfaces. Observing the symmetrical nature of
the kiln cross sectional profile shown in figure 5.4 on page 90, helps in making the
evaluation of both surface normal angles used to calculate the direct exchange areas
for the trefoil kiln.
For ease of evaluation, each cusp and lobe of the kiln is considered as a separate
surface zone. As each surface forms a circular arc of equal radii, the surface normal
always points into the centre point of the lobes (x10,z10,y1) while the surface normal
for the cusp surfaces originate from the centre of the cusps (x20,z20,y2).
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z
y
(x20,z20,y2)
(x2,z2,y2)

β2

θ2

A2
S2
r

x

r

n̂ 2
S1

A1

n̂1

S

θ1

(x10,z10,y1)

(x1,z1,y1)

Figure 5.4. Radiative exchange between a cusp and lobe of a trefoil kiln.
Observing figure 5.4 and using the cosine rule:
r 2 + S 2 − S 22
= − cos θ 2
cos β 2 =
2rS

(5.20)

and

r 2 + S 2 − S12
cos θ1 =
2rS

(5.21)

where:

S2 =

(x20 − x1 )2 + ( y2 − y1 )2 + (z20 − z1 )2

(5.22)

S1 =

(x2 − x10 )2 + ( y2 − y1 )2 + (z2 − z10 )2

(5.23)

Converting from Cartesian to Cylindrical co-ordinates, the integral is further
simplified by substituting:
x1 = r cos(α 1 ) z1 = r sin(α 1 )
x2 = r cos(α 2 ) z 2 = r sin(α 2 )
yields:

∫ dA

1

= r ∫∫ dα 1dy1 and

90

∫ dA

2

= r ∫∫ dα 2 dy 2

(5.24)

r

y

α
(x20,z20,y2)

(rcosα2, rsinα2,y2)
α2

n̂ 2

θ2
A2

θ1

S

n̂1
α1

(x10,z10,y1)
A1

(rcosα1, rsinα1,y1)

Figure 5.5. Radiative exchange between a cusp and lobe of a trefoil kiln using
cylindrical co-ordinates.
Thus, equation 5.13 may be rewritten as:

(

)(

)

e − kS r 2 + S 2 − S12 r 2 + S 2 − S 22
s1 s2 = − ∫ ∫∫∫
dα1 dy1 dα 2 dy 2
4πS 4

(5.25)

Numerical integration techniques must be used to solve equation 5.25 for value of
s1 s2 if the two surface areas and relative positions are defined. The integral does
however exhibit a singularity when the surfaces are in contact at one of their edges.
The numerical solution to equation 5.25 is made in section 5.4.
The direct exchange area evaluation between two lobes of the kiln is shown in
figure 5.6. The evaluation of cosθ1 and cosθ2 is also made using the cosine rule. The
surface normal vectors pass through the centre of the arc forming the lobes.

(x20,z20,y2)
A2

y

n̂1

(x2,z2,y2)

x

S1
θ2

S

z

θ1

(x10,z10,y1)

S2

n̂ 2

(x1,z1,y1)
A1

Figure 5.6. Radiative exchange between two trefoil kiln lobe surfaces.
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r 2 + S 2 − S12
2rS

This yields:

cos θ1 =

and

r 2 + S 2 − S 22
cos θ 2 =
2rS

Hence:
s1 s 2 = ∫ ∫∫∫

(

(5.26)
(5.27)

)(

)

e − kS r 2 + S 2 − S12 r 2 + S 2 − S 22
dα 1 dy1 dα 2 dy 2
4πS 4

(5.28)

The absolute value s1 s 2 from equation 5.25 and equation 5.28 are equal and
therefore the solution can be found in exactly the same manner. It also turns out
after some investigation that absolute value of equation 5.25 is the direct exchange
area equation for a cusp to cusp, and the direct exchange area of a concave lobe to
itself. A convex cusp on the other hand doesn’t ‘see’ itself directly and therefore
have no ‘self’ direct exchange area. The general integral for the direct exchange area
between two curved surfaces lying in the radial direction in the kiln is given by the
absolute value of s1 s 2 solved using equation 5.25.

5.3.3 Surface to End Direct Exchange Area
The direct exchange area geometry between a lobe surface and an end surface of the
kiln is shown in figure 5.7. The surface normal vector n̂2 is parallel to the curved
surface A1 and therefore travels in the y1 direction only. Extending a line from
(x1,z1,y1) to cross n̂2 at right angles yields an intersection point (x2,z2,y1) is found by
applying Pythagoras’ theorem. The angle θ2 is then given by:

and as before:
where:

cos θ 2 =

y2 − y1
S

cos θ1 =

r 2 + S 2 − S12
2rS

(5.29)

S=

(x2 − x1 )2 + ( y 2 − y1 )2 + (z 2 − z1 )2

S1 =

(x2 − x10 )2 + ( y2 − y1 )2 + (z2 − z10 )2

Converting to Cylindrical co-ordinates:
x1 = r cos(α1 ) z1 = r sin(α1 ) x2 = r2 cos(α 2 ) z2 = r2 sin(α 2 )
yields:

∫ dA

1

= r ∫∫ dα 1dy1 and

92

∫ dA = ∫∫ r dα
2

2

2

dr2

(5.30)

A2

n̂ 2

(x2,z2,y2)

(x2,z2,y1)

S1

θ2

n̂1
(x10,z10,y1)
A1

(x20,z20,y2)
(x10,z10,y10)

S

θ1

z
y

(x1,z1,y1)

x

Figure 5.7. Radiative exchange between a kiln cusp surface and a kiln end surface.
s1 s 2 = ∫ ∫∫∫

(

)

e − kS r 2 + S 2 − S12 ( y 2 − y1 )r2
dα 1 dy1 dα 2 dr2
2πS 4

(5.31)

The direct exchange area s1 s 2 is solved using numerical integration and is explained
in section 5.4. Though not presented here, equation 5.31 is also the solution for the
direct exchange area between a cusp surface and an end surface, and therefore the
numerical integration solution will also be identical.

5.3.4 Surface to Gas Volume Direct Exchange Area Calculation
The direct exchange area between a surface and a gas is found by integrating through
the complete volume of the gas zone and over the surface area of the surface zone.
Figure 5.8 shows a pencil ray emanating from surface A1 and terminating inside the
gas volume, V2.

(x2,z2,y2)

S

(x20,z20,y2)

S1

θ1

n̂1

V2

A1
(x10,z10,y1)

(x1,z1,y1)
Figure 5.8. Radiative exchange between a kiln cusp surface and a kiln gas volume.
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The direct exchange area between a surface wall and the gas volume zone is given
by the equation [Tucker, 1986]:
s1 g 2 =

∫ ∫e

− kS

A1 V2

k cos θ1
dV2 dA1
πS 2

(5.32)

Using Cylindrical co-ordinates and evaluating cosθ1 from equation 5.27, equation
5.32 may be rewritten as:
s1 g 2 = ∫∫∫∫∫ e − kS

k (r 2 + S 2 − S12 )r2
dα 1 dy1 dα 2 dy 2 dr2
2πS 3

(5.33)

The numerical solution for a surface to a gas volume s1 g 2 is shown in section 5.4.
This equation is used to solve the direct exchange area between any curved surfaces
zone and any gas volume zone in the kiln.

5.3.5 Gas to Gas Volume Direct Exchange Areas Calculation
The evaluation of the direct exchange area between two gas zones is evaluated by
integrating through the volume of both zones. The direct exchange area between
two gas volume zones V1 and V2 in the kiln is given by the equation [Tucker 1986]:
g1 g 2 =

− kS
∫ ∫e

V1 V 2

k2
dV1dV2
πS 2

(5.34)

r2

(x2,z2,y2)

α2

(x20,z20,y2)

V2
S
V1
α1
(x1,z1,y1)

r1

Figure 5.9. Radiative exchange between two gas volumes in the kiln.
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(x10,z10,y1)

Applying Cylindrical co-ordinates to both gas volumes yields:

x1 = r1 cos(α1 ) z1 = r1 sin(α1 ) x2 = r2 cos(α 2 ) z2 = r2 sin(α 2 )
and

∫ dV = ∫∫∫ r dr dα dy
1

1

1

1

1

and

∫ dV

2

= r2 dr2 dα 2 dy2

(5.35)

Substituting into equation 5.48 the integral is:
g1 g 2 = ∫∫∫∫∫∫ e

− kS

k 2 r1r2
dr1 dα1 dy1 dr2 dα 2 dy2
πS 2

(5.36)

The numerical solution of the direct exchange area between two gas zones g1 g 2 is
found as outlined in the next section. This is used to solve for the direct exchange
area between any two gas zones in the kiln.

5.4 Numerical Solution of the Direct Exchange Area Integrand
The direct exchange area equations derived in section 5.3 are solved using numerical
integration. Six Matlab m-file programs have been developed to solve surface to
surface, surface to end, end to end, gas to surface, gas to end, and gas to gas direct
exchange areas and are listed in appendix 1. These programs solve up to sixth order
integrals over cusps, lobes, end surfaces and gas volumes within the kiln.

The

solution to the direct exchange integrand is bounded when solved, but the integrand
has a singularity when the distance S between the zone points is zero, i.e. at its
boundaries or identical points in the same zone. This means that the solution cannot
be solved by Matlab’s numerical integrator or using mathematical programs such as
Mathematica [Mathematica 2003]. The approximate solution has been found by
using high order Gaussian Quadrature, which integrates the solution up to the
boundaries, but avoids a solution at the boundary conditions where the singularity
lies [Davis and Rabinowitz 1975].
A set of checks in the integration program is also used to detect singularity
conditions when the denominator of the integrand is zero.

The location of a

singularity in the numerical solution may lie between two integral step points. This
reduces the accuracy of the solution. However, changing the step size and reevaluating the integrand can easily detect the singularity. The singularity causes the
solution to change dramatically for a small change is integration step size, as the
approximation of the solution in the region of the singularity will differ for different
step sizes. The validity of the solutions used to calculate the direct exchange areas is
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shown by way of example in the section 5.4.2. This example shows that the solution
is accurate to within 0.5 % of the true solution.

5.4.1 Validating the Direct Exchange Areas for an Enclosure
Irradiation
H

(1-ε)H

Radiosity
Ji
εE
dAi
dAi

Figure 5.10. Surface radiosity within an enclosure.
Radiation energy incident on a surface dAi from all other surfaces within the
enclosure, termed irradiation H, is partly absorbed by the surface. The percentage of
radiation absorbed is defined by the surface emissivity ε. Surface radiosity, Ji, is the
combination of reflected irradiation (1-ε)H and surface emitted radiation E. The
proportion of the total radiosity emitted by surface dAi that is incident on a second
surface dAj is called the total exchange area SiS j . If the surface of the enclosure is
assumed to be black, then the emissivity of the surface is unity, and the radiosity of
the surface is equal to the surface emitted radiation. The directly transmitted
radiation from surface dAi to surface dAj is in terms of the direct exchange area:
Q i → j = si s j J i

(5.37)

If an enclosure has a clear gas (k=0) then the solution to equations 5.33 and 5.36 is
zero. In this situation a surface zone only transmits radiant energy to the rest of the
surface zones. Considering radiant heat only, if the enclosure is in thermal
equilibrium, then the radiant energy emitted by a surface is equal to the energy
received by the surface from the rest of the enclosure. At thermal equilibrium, the
radiosity of each surface is identical and can be denoted as J. For an enclosure
having n surfaces and a non-intervening gas at thermal equilibrium, the total energy
directly received by surface dAi is:

=
Q in

n

Q j →i
∑=

n

n

J j s j si J ∑ s j si
∑=

=j 1 =j 1

=j 1
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(5.38)

Since the total energy Q in received by the enclosure from surface dAi is equal to the
energy Ji transmitted from dAi we have:
Q=
JA
=
Q in
out
i

and therefore [Hottel 1967]:
n

∑s s

j i

j =1

(5.39)

= Ai

Similarly, if the gas volume within the enclosure is intervening, then for an enclosure
with n surface zones and l gas zones, the area of the surface zone Ai is related to the
direct exchange area as [Hottel 1967]:

=
Ai

n

l

∑s s +∑s g

i j
i
=j 1 =j 1

(5.40)

j

For a gas zone of volume Vi with gas attenuation coefficient k, a similar evaluation
can be made which is [Hottel 1967]:

=
4kVi

n

l

∑g s +∑g g

i j
=j 1 =j 1

i

j

(5.41)

The three equations above can be used as validation checks for the calculations of
direct exchange areas for an enclosure surfaces and gas zones, as outlined in the next
section.

5.4.2 Validation of Direct Exchange Area Program
The six direct exchange area programs outlined in section 5.3 are validated using
two tests. The first validation test uses equations 5.39, 5.40 and 5.41. The total sum
of the direct exchange areas for surface and gas zones is validated for a range of gas
attenuation coefficients, applied to a simple cylindrical enclosure shown in figure
5.11, for a range of gas attenuation coefficients. A cylindrical kiln is a special case
of a trefoil kiln having a single cylindrical closed lobe. However, this test is not
sufficient to validate each result generated by the programs, as the total sum of direct
exchange areas for a zone doesn’t absolutely guarantee the individual components of
the check sum are valid.
The second validation test uses tabulated results developed by Hottel for cylindrical
furnaces [Hottel and Sarofim 1976]. The function of this test is to validate the
programs individually against published data. The cylinder is divided into two
concentric gas volumes g1 and g2 and five surface zones s1 to s5 shown in
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figure 5.11. The diameter of the inner gas zone is 0.5 and length of the cylinder is
0.25 m designated B and the attenuation coefficient of the gas, k, is taken as 1.0 to
match the problem directly to a column of Hottel’s tables.
d
g2
g1

2d

g1

g2

d

g2

End view of
gas zones

s1

s3

s4

s2

Side view of
gas zones

s5

View of Surfaces

Figure 5.11. Zone division of a simple cylindrical furnace enclosure.
Results derived from Hottel tables use a factor called the escape factor, which is the
combination kB. Exact results can only be extracted from the table if the gas zones
are of identical length and breadth values of B. Hottel’s direct exchange area
cylindrical tables are segregated into escape factor columns in increments of 0.5.
For a given escape factor, a corresponding direct exchange area can be extracted
from the table. If the escape factor kB lies between these columns, the results must
be taken from the nearest column.
The direct exchange area values calculated using Hottel’s cylindrical tables, for the
cylindrical furnace in figure 5.11, are listed in table 5.2. The values calculated using
the direct exchange area programmes are listed in table 5.3.
From
To
S1
S2
S3
S4
S5
G1
G2
Sum:
Area or
Volume
Actual
Area or
Volume
Error
Error %

s1

S2

s3

s4

s5

g1

g2

0.00000
0.00000
0.029288
0.055413
0.0514
0.040422
0.019828

0.00000
0.00000
0.208875
0.0514
0.182125
0.019828
0.126813

0.029288
0.208875
0.089063
0.029288
0.208875
0.031813
0.188281

0.055413
0.0514
0.029288
0.00000
0.00000
0.040422
0.019828

0.0514
0.182125
0.208875
0.00000
0.00000
0.019828
0.126813

0.040422
0.019828
0.031813
0.040422
0.019828
0.028277
0.015754

0.019828
0.126813
0.188281
0.019828
0.126813
0.015754
0.091758

0.19635 0.589041 0.785481

0.19635

0.589041 0.196344 0.589074

0.196349 0.589046 0.785398 0.196349 0.589046 0.196349 0.589048
-6.25E-7

5.63E-06 -8.38E-05 -6.25E-07 5.63E-06 5.63E-06 -2.61E-05

-0.00032 0.000955 -0.010663 -0.000318 0.000955 0.002865 -0.004430

Table 5.2. Hottel results for the direct exchange areas for a cylindrical enclosure.
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The results in table 5.2 can be quickly checked using equations 5.39, 5.40 and 5.41.
For example, surface s1 has an area of 0.196349 m2 and the direct exchange area
between surface s1 and the rest of the enclosure is listed in column 2 of table 5.2.
The sum of this column is 0.19635 m2. A similar test on the gas volumes is possible.
This shows that the values have been correctly calculated from the Hottel cylindrical
tables. The results for validation from the Matlab m-file programs are listed in
table 5.3.
From
To
s1
s2
s3
s4
s5
g1
g2
Sum:
Area or
Volume
Actual
Area or
Volume
Error
Error
%

s1

S2

s3

s4

s5

g1

g2

0.00000
0.00000
0.02929
0.05541
0.05140
0.04095
0.01928

0.00000
0.00000
0.20627
0.05140
0.18215
0.01984
0.12967

0.02929
0.20627
0.08907
0.02929
0.20627
0.03181
0.18565

0.05541
0.05140
0.02929
0.00000
0.00000
0.04095
0.01928

0.05140
0.18215
0.20627
0.00000
0.00000
0.01984
0.12967

0.04095
0.01984
0.03181
0.04095
0.01984
0.02761
0.01575

0.01928
0.12967
0.18565
0.01928
0.12967
0.01575
0.08747

0.19633

0.58932

0.77763

0.19633

0.58932

0.19675

0.58676

0.196349 0.589046 0.785398 0.196349 0.589046 0.196349 0.589048
1.95E-05 -2.77E-04 7.77E-03 1.95E-05 -2.77E-04 -3.99E-04 2.28E-03
0.00992 -0.04702

0.98871

0.00992

-0.04702

-0.20322

0.38763

Table 5.3. Generated results for the direct exchange areas for a cylindrical enclosure
The results in table 5.3 shows that the program results are within 0.05 % accuracy of
the Hottel solutions, and therefore the programmes developed to calculate the direct
exchange areas for the kiln are valid. The values produced by the direct exchange
area programmes are also checked for the complete kiln in section 5.6.1.
A number of observations may also be made about the results. These are:
1. Surfaces lying in the same plane don’t exchange radiation directly, e.g. s1
doesn’t see s2.
2. Curved surfaces radiate partial energy back to itself, e.g. surface s3 sees s3.
3. Gas volumes radiate energy back to themselves, e.g. g1 volume sees g1.
4. Surface zones closer to a gas volume ‘see’ more of the gas volume than other gas
volumes due to their proximity, e.g. s3 sees six time more of g2 than g1.
5. The curved surface s3 sees 11.34 % of itself, which means that the cylindrical
surface radiates only a small portion of its energy back to itself.
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The direct exchange area values calculated for an enclosure shows how radiant
energy is distributed within the enclosure. The shape, orientation, and distance of
separation between two zones define the radiant interchange between two zones. By
solving for the direct exchange areas for the trefoil kiln, the effect the trefoil shape
has on distributing radiant energy within the kiln can be found.

5.5 Gas Attenuation Coefficients for Gas Combustion Products
The previous example shows how the rest of the enclosure ‘sees’ a gas zone volume.
The gas attenuation coefficient is a measure of the amount of energy the gas volume
absorbs when radiant energy passes through it. For example, if the gas is assumed
clear (nitrogen-N2), i.e. kN2 =0, then the gas has no direct exchange area (equation
5.33 and 5.36) and as stated before, the enclosure wall surfaces see only the rest of
the enclosure without seeing the intervening gas.
The attenuation effects of the gases inside the kiln can be simulated if the
constituents within the gas are known. The gas combustion simulation model
provides this information, as the products of combustion generated by the model are
the gases that fill the kiln. The gas combustion products from the burner, for the
purposes of the thermal radiation modelling, are treated as a mixture of two grey
gases, CO2 (k=68.8) and H2O (k=1.88), and one clear gas, N2 (k=0), made up of the
remaining gases. The three-gas model called the two grey plus one clear gas model,
assumes that the three gases inside the kiln are well mixed and each has a different
effect on the emission and absorption of radiant energy. The three gases can be
considered in isolation and the total effect can be found by adding the three effects
together. The absorbtivity α of a grey gas by definition is equal to its emissivity ε
i.e.:

ε = α = 1 − τ = 1 − e − kS

(5.42)

Hottel, 1967, proposes a model for the two grey plus one clear gas as having a total
emissivity ε is:
=
εg

3

∑a
n =1

g ,n

(Tg ) 1 − e


− kn ( ρ H 2O + ρCO2 ) L




where:
ag(T) = weighted coefficient in the mixed grey gas model
pH2O = partial pressure of H2O in the grey gas (kPa)
pCO2 = partial pressure of CO2 in the grey gas (kPa)
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(5.43)

L = mean beam length of the kiln enclosure (m)
The weighted sum coefficients ag, are used to account for the fraction of energy in
the spectrum in which the absorption coefficient for the gas is k. The CO2 and H2O
gases radiate and absorb energy, while the remaining gases are considered nonparticipating, i.e. clear. The gas attenuation coefficient of each grey gas for the
trefoil kiln is determined as:
kCO2 = 3.5* L *1.88* ρCO2

(m −1 )

k H 2O = 3.5* L *68.8* ρ H 2O

(m −1 )

(5.44)

The partial pressure of the gas is the proportion of gas that makes up the volume of
gas in the kiln. The absorptivity α of a gas at Tg to black body radiation from a
surface at Ts is:
=
α g ,s

3

∑a
n =1

s ,n

(Ts ) 1 − e


− kn ( ρ H 2O + ρCO2 ) L




(5.45)

where:
as,n(Ts) = weighted coefficient in the mixed grey gas model.
The a-weighted coefficients are approximated using a set of polynomials as shown in
table 5.4.
Gas

K

Surface Zone (Ts)

Gas Zone (Ts)

N2

0

(Ts ) 0.437 + 0.0000713* Ts
as ,1=

ag ,1=
(Tg ) 0.437 + 0.0000713* Tg

H2O

1.88

(Ts ) 0.173 − 0.0000661* Ts
as ,3=

ag ,3=
(Tg ) 0.173 − 0.0000661* Tg

CO2

68.8

as ,2 (=
Ts ) 0.39 − 0.0000052* Ts

ag ,2 (=
Tg ) 0.39 − 0.0000052* Tg

Table 5.4. Weighted coefficients for combustion gas absorbtivity variation with
temperature.
The variation of the a-weighted coefficients is temperature dependent, which in turn
defines the zone temperature within the kiln.
As the gases within the kiln have three attenuation coefficients, kH2O, kCO2, and kN2,
a direct exchange area matrix for each gas must be calculated separately.
Equation 5.39, 5.40 and 5.41 are used to validate each of the three gas models direct
exchange area matrices. The formats of these direct exchange matrices are:
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 s1s1 s1s2  s1s n 
 s1 g1 s1 g 2  s1 gl 




 s2 s1 s2 s2  s2 sn 
 s2 g1 s2 g 2  s2 gl 
=
ss = 
 , sg =
 gs


 


 
 
 
s s s s

s g s g

 n 1 n 2  sn gl 
 n 1 n 2  sn sn 

and

 g1 g1

g g
gg =  2 1
 
g g
 l 1

g1 g 2



g2 g2







gl g 2



g1 gl 

g 2 gl 

 
gl gl 

The direct exchange area matrix for the kiln enclosure, for the three gases in the two
grey plus one clear gas model is then:

 ss
Z(k) = 
 gs

sg 
gg 

(5.46)
k = 0,1.88,68.8

The three Z matrices only account for the direct exchange of radiation between zones
within the kiln. Reflected radiation within the kiln enclosure up to this point has been
ignored. In order to account for the reflected radiation within the kiln, the directed
exchange area matrices for each gas must be converted into equivalent total
exchange areas. This is outlined in the following section.

5.5.1 Total Exchange Areas for a Three Gas Model
A direct exchange area matrix only represents radiation directly incident on a zone
from another zone. It does not consider radiation that is indirectly incident on the
zone through multiple reflections within the enclosure. The total exchange area
represents the combined effect, which zone geometry and emissivity have on radiant
energy interchange between zones. The emissivity of a surface zone is a measure of
the amount of incident energy that the surface absorbs. An emissivity of unity
represents a surface that absorbs all incident radiation (black body). If an enclosure
has an emissivity of unity, then the total exchange area matrix and direct exchange
areas matrix are identical. A zone with an emissivity below unity reflects and
absorbs incident radiation proportional to its emissivity. The radiation incident on
the zone is made up of two types of radiation. Directly incident radiation is received
by the zone from the other zones within the kiln. If the enclosure has an emissivity
below unity, part of the radiation transmitted from the zone is reflected back to the
zone through multiple reflections by the rest of the enclosure, known as multiple
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reflected radiation. The multiple reflected radiation and the direct incident radiation
are accounted for by the Total Exchange Area.
The net energy exchange between a pair of zones is proportional to their total
exchange areas. The result of this is that a surface that has a direct exchange area of
zero with another surface will not have a non-zero total exchange area with that
surface. This can be observed in the case of a cusp surface that has a non-zero total
exchange area with itself.
The total exchange area relates the total energy exchange between a pair of surfaces,
with allowance for reflected radiation. This is expressed as:
=
Q i  j Si S j ( Ei − E j )

(5.47)

where:
Si S j = the total exchange area between surface i and surface j (m2)
Ei = energy emitted from surface zone i (W/m2)
Ej = energy emitted from surface zone j (W/m2)
For a surface zone i to gas zone j, the energy equation is:
=
Q i  j Si G j ( Ei − Eg , j )

(5.48)

where:
Si G j = the total exchange area between surface i and gas zone j (m2)
Eg,j = energy emitted from gas zone j (W/m2)
If we now consider the radiant energy from all the surfaces within the enclosure in
terms of the radiosity between surfaces, then the energy directly incident on the
surface zone Ai is:
l
 n

Ein =
Ai H i
 ∑ si s j J j + ∑ si g j Eg , j  =
=
 j 1 =j 1


(5.49)

The total energy balance for the surface zone Ai is then:

Q i= Eout − Ein=



n

l



(ε Ai Ei + (1 − ε ) Ai H ) −  ∑ si s j J j + ∑ si g j Eg , j 


=j 1 =j 1



(5.50)

The energy balance equation for the surface can be written in terms of the total
exchange area:
l
 n

Q i =
ε Ai Ei −  ∑ Si S j E j + ∑ Si G j Eg , j 
=
 j 1 =j 1
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(5.51)

Solving equation 5.50 and 5.51 for the total exchange area in terms of the directed
exchange area yields [Tucker 1986]:

SS = ε AI .R.ss .ε I

(5.52)

where:
 S1S1

S S
SS =  2 1
 
S S
 n 1

 ε A1
 0
ε AI = 
 

 0

=
R

S1S 2



S2 S2







Sn S2



0
ε A2






0

0

S1S n 

S2 Sn 
,
 
S n S n 

[ AI − ss .ρ I ]

−1

 A1
0
AI = 


0

0



A2





0

0

0 
0 
,
0 

ε An 

ε
0
εI = 


0

,

0
1 − ε
 0 1− ε
ρI = 
 


0
 0

and

0

ε

0




0

0
0 
,
0

An 
0
0 
,
0

ε



0

0 
0 
.
0 

1− ε 

For the gas to surface zones the solution found in a similar fashion is [Tucker 1986]:
SG = ε AI .R.sg

(5.53)

The solution to the gas to gas zone total exchange area is given by [Tucker 1986]:
=
GG gs .ρ I .R.sg + gg

(5.54)

The total exchange areas for each of the three gases are calculated by the program
‘DirectFlux.m’ shown in appendix A. The total exchange area code is verified by
setting the emissivity of the walls to unity. In this case, the direct exchange area
matrix and the total exchange area matrix should be identical, as all the radiation
emitted from a zone is non-reflected radiation.
Validation of the total exchange area matrices is also made using equation 5.51. If a
surface zone is in thermal equilibrium, then it follows from equation 5.51 that all
zones emit and receive the same amount of energy i.e.:
=
Ei E=
Ej
g, j

and therefore equation 5.51 reduces to:
l
 n

=
ε Ai  ∑ Si S j + ∑ Si G j 
=
 j 1 =j 1
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(5.55)

A similar examination of the gas zones in thermal equilibrium yields:
l
 n

=
4kVi  ∑ Gi S j + ∑ Gi G j 
=
 j 1 =j 1


(5.56)

These equations are used to validate the total exchange area for the three gasses
within the pilot plant kiln.
The three direct exchange area matrices for an enclosure referred to in the previous
section must each be separately converted into three total exchange area matrices.
 SS
Z(k,ε) = 
 GS

SG 

GG 
k = 0,1.88,68.8

(5.57)

5.5.2 Directed Flux Areas for a Three Gas Model
The directed flux area is calculated as a temperature dependent weighted sum of the
total exchange area for each gas. The net radiant energy absorbed by a gas Zone i
from an enclosure of 2n zones is calculated as:
•

Q

rad i

n

n

n

n

j =1

j =1

j =1

j =1

= ∑ G j GiσT j4 − ∑ Gi G jσTi 4 + ∑ S j GiσT j4 − ∑ Gi S jσTi 4

(5.58)

The net radiant energy absorbed by the gas zone may only be calculated if the
directed flux areas are known. The directed flux areas are related to the total
exchange areas by a weighted sum of the gas mixture within the kiln.

The

a-weighted coefficients compensate for the variation of emissivity of the surfaces
and gasses with temperature, and are defined for both surfaces, as(Ts) and gas ag(Tg).
For the two grey plus one clear gas model the directed flux areas are calculated as:

Si S j =as ,0 Si S j

(

)

+a

(S S )


Si G j =as ,0 Si G j

)

+a

(S G )

+a


Gi S j =ag ,0 Gi S j

)

+a

(G S )

+a


Gi G j =ag ,0 Gi G j

+a

(G G )

+a

(S S )

s ,1
i j
s ,2
i j
k 0=
k 1.88 =
k 68.8
=

(

(S G )

s ,1
i j
s ,2
i j
=
k 0=
k 1.88 =
k 68.8

(

(G S )

g ,1
i j
g ,2
i j
=
k 0=
k 1.88 =
k 68.8

(

)

+a

(G G )

g ,1
i j
g ,2
i j
=
k 0=
k 1.88 =
k 68.8
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(5.59)

(5.60)

(5.61)

(5.62)

The procedure for converting direct exchange area matrices to a directed flux area
matrix has been converted into a Matlab m-file, listed in appendix 1. The program
implements the matrix mathematics required to calculate the directed flux areas for
any enclosure for a given set of directed exchange areas and zone temperatures. The
resultant directed flux areas matrix takes the form:
 
 SS SG 
Z(k,ε,T) =    
 GS GG 

(5.63)

5.6 Applying Hottel Zones to the Pilot Plant Kiln
To implement the Hottel Zone Method for modelling radiative heat transfer within
the pilot plant, the interior of the kiln enclosure must be divided into isothermal
surface and gas volume zones.

An energy balance equation for each zone is

developed based on radiative, conductive and convective heat transfer modes. The
temperature of a zone is calculated by solving its energy balance equation. The
number of direct exchange areas required for a two-grey plus one clear gas is:
Total number of directed exchange areas = 3(number of zones ) 2

(5.64)

Selecting the correct number of zones is a trade off between accurately modelling the
zones of interest within the model, and minimising the complexity required to
calculate the direct flux area matrix Z.
The trefoil kiln simulation model is divided into three longitudinal sections
corresponding to the three temperature sensors on the pilot plant kiln shown in
figure 5.12. Each longitudinal section has been sub-divided into six curved surfaces
and five gas zones, shown in figure 5.13.
Zone 3
Zone 1

Zone 2

Burner End

Exhaust End

Figure 5.12. Kiln longitudinal zone division.
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The model has a total of 28 surface zones numbered s1 through s28 and 15 gas zones
numbered g29 through to g43. These are made up of 18 curved surfaces and 10 end
surfaces. The curved surfaces in Zone 1 are shown in figure 5.13. These surfaces
are 0.47 m long. Nine cusp zones and nine lobe zones are used in the pilot plant kiln
model. The gas volume within each longitudinal Zone is divided into 5 zones as
shown in figure 5.13. A total of 15 gas zones are used in the kiln model. Both end
surfaces of the kiln are divided into five parts, resulting in 10 end zones used. The
model requires 5547 direct exchange area calculations, but this is greatly reduced
due to symmetry within the kiln.
s4

s4

Lobe 2

g4
s5

e4

s2

g1
g6
s6

g3

g2

s1
Lobe 3

s3 Cusp 2

Cusp 3 s5

s3

e1

s6

e6

Lobe 1

e3
s1
Cusp 1

e2

s2

Figure 5.13. Kiln gas zones, surface zones and surface end zones.
The direct exchange programs developed in section 5.4 are used to calculate the
direct exchange areas for each surface for the two grey plus one clear gas models.
This program also converts the directed exchange matrices for the pilot plant into
three total exchange matrices by including the emissivity of the kiln walls. The three
total exchange matrices for the pilot plant are converted into a single directed flux
matrix. The pilot plant directed flux matrix represents the radiant heat exchange
between each of the 43 zones within the kiln drum.

5.6.1 Directed Flux Area Matrix for the Pilot Plant Kiln
A Matlab m-file called DirectedFlux.m was developed to convert the three total
exchange matrices into a single 43 by 43 directed flux area matrix [Noble 1975].
The enclosure is made up of 18 curved surfaces, 10 end surfaces and 15 gas zones
yielding a total of 43 zones. The direct flux matrix values for three surfaces are
107

presented in this section to show how they are used. For a zone numbered n in the
kiln model, the nth column of the direct flux area matrix represents the directed flux
area for that zone to all other zones of the kiln, and the nth matrix row number
corresponds to the directed flux areas from all zones to the nth zone.
Values from the lobe surface s2 situated in Zone 1 of the kiln are used in table 5.5 to
demonstrate how the radiation transfer for the empty kiln is apportioned.
From Lobe s2
Zone 1 to:
Zone 1
Zone 2
Zone 3
From Lobe s2
Zone 1 to:
Zone 1
Zone 2
Zone 3
From Lobe s2
Zone 1 to:
Burner End
Exhaust End

Cusp
s1 %
7.1059
1.4393
0.1727

Lobe
s2 %
20.598
2.7797
0.2700

Cusp
s3 %
7.1059
1.4400
0.1728

Lobe Cusp Lobe
s4 %
s5 %
s6 %
7.0535 7.3987 7.0535
3.5611 2.7923 3.5611
0.6832 0.4434 0.6832

Centre Lobe Annular Lobe Lobe
Gas g1 Gas
Gas g3
Gas
Gas
%
g2 %
%
g4 %
g6 %
0.2615 4.4510 2.2828 0.3064 0.3064
0.0733 0.1735 0.3096 0.1349 0.1349
0.0054 0.0164 0.0327 0.0131 0.0131

Total
%
7.6081
0.8262
0.0807

Centre Lobe Annular Lobe Lobe
End
End
End e3
End
End
e1 %
e2 %
%
e4 %
e6 %
0.7230 7.9419 5.8137 1.1667 1.1667
0.0140 0.1171 0.1085 0.0591 0.0591

Total Percentage Radiation transfer from Lobe s2in Zone 1 to the
total kiln enclosure

Total
%
56.315
15.573
2.4253

Total
%
16.812
0.3578
Sum
%

99.998

Table 5.5. Percentage directed flux matrix for a lobe surface s2 in Zone 1 to the rest
of the kiln enclosure.
The surfaces in Zone 1 of the kiln receive 56.315 % of the total energy radiated from
lobe s2 in Zone 1. The highest percentage of directed flux area is between the
concave lobe surface s2 and itself accounting for 20.598 % of the total energy
radiated from the surface back to itself. The adjacent concave cusp surfaces s1 and
s3 receive 7.1059 % of the directed flux, although the lobe can only ‘see’ half of
these surfaces.

The opposing cusp surface s5 receives 7.3987 % of the directed

flux, while the other two lobes in Zone 1, s4 and s6 receive 7.0535 %. This can be
interpreted as the cusp surface ‘seeing’ the remaining cusps and lobes in the same
zone equally at approximately 7 %, while it ‘sees’ itself at 20.6 %.
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The surfaces in Zone 2 of the kiln receive 15.573 % of the total energy radiated from
lobe s2 in Zone 1. The distance of separation between the surfaces is the main
contributing factor. The lobe s2 in Zone 2 only receives 2.7797 % as it partly lies in
the same plane as s2 of Zone 1.

Adjacent surfaces s4 and s6 receive similar

quantities of energy of 3.5611 %, while the cusp surface s5 and s2 receive 2.7797 %.
The lobe surface s2 in Zone 1 therefore transmits more energy to the lobes of the
adjacent zone then the cusps.
The surfaces in Zone 3 of the kiln receive 2.4253 % of the total energy radiated from
lobe s2 in Zone 1. The distance of separation between the surfaces is again the main
contributing factor. The lobe s2 in Zone 3 only receives 0.1727 % as it partly lies in
the same plane as s2 of Zone 1. The maximum energy is received by the lobe
surfaces s4 and s6, which receive 0.6832 %, of the total radiant energy.
The gas volume zones in Zone 1 receive 7.6081 % of the directed flux area, while
the gas zones in Zone 2 receive 0.8262 %, and Zone 3 gases receive 0.0807 %. The
transmission of radiant energy to the gas zones is limited to the gas volumes in the
same zone.
The end surface zones at the burner end of the kiln receive 16.812 % of the total
radiant energy emitted by surface s2. This is due to the proximity of the burner end
surface of the kiln lying at right angles to Zone 1. The end surface e2 receives the
highest radiant energy, receiving 7.9419 % of the total directed flux.

This is

equivalent in magnitude to the value received by the cusp surfaces in zone 1.
The end surface zones at the exhaust end of the kiln receive a total of 0.3578 %,
which means that the cusp surface s2 in zone 1 ‘see’ little of the opposite end of the
kiln. This goes some way in explaining why the kiln has a temperature differential
between Zone 1 and Zone 3 during start-up.
For the cusp surface s1 in Zone 1 of the kiln are used in table 5.6 to show the
breakdown of radiative heat transfer from the cusp. The total radiative heat transfer
from the cusp to Zone 1 is 54.866 %, Zone 2 is 14.157 %, and Zone 3 is 2.3257 %
and to the burner end is 23.236 %. These values are similar to the directed flux area
percentage values for the lobe surface s2. The 54.866 % of the total energy radiated
by the cusp surface remains in Zone 1 of the kiln. The cusp acts in a similar fashion
to the lobe surfaces in the same zone, but the significant difference between these
surfaces is that the cusp surface ‘sees’ more of the burner end surfaces and less of
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the gas zones than the lobe surface in the same zone. The cusp surface ‘sees’
23.236 % of the burner end surfaces but only 0.34872 % of the exhaust end.
From
Cusp s1
Zone 1
to:
Zone 1
Zone 2
Zone 3

Cusp s1
%

Lobe s2
%

Cusp s3
%

Lobe s4
%

Cusp s5
%

Lobe
s6 %

2.1218
0.52182
0.13455

11.08
2.2523
0.27196

9.4296
2.3507
0.23908

11.725
4.4289
0.70407

9.4296
2.3507
0.70407

11.08
2.2523
0.27196

Lobe
Gas g2
%

Annular
Gas g3
%

Lobe
Gas g4
%

Lobe
Gas g6
%

2.4708
0.32233
0.02446

0.89743 0.24504 0.89743
0.09528 0.10414 0.09528
0.029746 0.031713 0.029629

From
Centre
Cusp s1
Gas g1
Zone 1
%
to:
Zone 1 0.23764
Zone 2 0.047655
Zone 3 0.004269

54.866
14.157
2.3257
Total
%
4.7483
0.66469
0.11982

From
Centre
Lobe
Annular
Lobe
Lobe
Cusp s1
End e1
End e2
End e3
End e4
End e6
Zone 1
%
%
%
%
%
to:
Burner
0.95476
6.5874
7.6716
1.4349
6.5874
End
Exhaust
0.012555 0.088482 0.097125 0.062072 0.088482
End
Total Percentage Radiation transfer from Cusp s1 in Zone 1 to the
total kiln enclosure

Total
%

Total
%
23.236
0.34872

Sum %

100.47

Table 5.6. Percentage directed flux matrix for cusp s1 in Zone 1 to the rest of the
kiln enclosure.
The gas zone g2 in Zone 1 is the gas that fills the cusp volume adjacent to cusp s2.
The results of the directed flux area for a gas zone presented in table 5.6 are used to
demonstrate how a gas zone distributes radiant energy to the rest of the kiln zones.

110

From
Gas g2
Zone 1 to:
Zone 1
Zone 2
Zone 3

Lobe
s2 %

Cusp
s3 %

Lobe
s4 %

Cusp
s5 %

3.2087
0.62176
0.10599

25.335
1.8774
0.0974

3.1758
0.6220
0.1060

1.7446
0.7813
0.0731

0.8647 1.7447 36.074
0.7566 0.7811 5.4402
0.0679 0.0731 0.52349

From
Centre
Lobe Annular
Gas g2
Gas g1 Gas g2 Gas g3
Zone 1 to:
%
%
%
Zone 1
1.4769
21.815
19.103
Zone 2
0.12964 0.89357 1.2483
Zone 3
0.011498 0.03967 0.11955

Lobe
Gas g4
%
2.3743
0.0791
0.0310

Lobe
Gas
g6 %
2.3744
0.0790
0.0310

From
Gas g2
Zone 1 to:
Burner
End
Exhaust
End

Lobe
End e4
%

Lobe
End
e6 %

Centre
End e1
%

Lobe
End e2
%

Annular
End e3
%

0.32119

3.7026

3.3542

0.24426 0.2449

0.00220

0.03611

0.1699

0.03035 0.0304

Total Percentage Radiation transfer from Gas zone g2 in Zone
1 to the total kiln enclosure

Lobe
s6 %

Total
%

Cusp
s1 %

Total
%
47.144
2.4296
0.23272
Total
%
7.8672
0.26896
Sum
%

99.98

Table 5.7. Percentage directed flux matrix for gas zone g2 in Zone 1 to the rest of
the kiln enclosure.
The gas zone radiates 25.335 % of its energy to the lobe in contact with the gas zone
while it radiates 21.815 % of its energy back to itself. The adjacent gas zone g3 in
Zone 1 receives 19.103 % of radiation energy while all other gas zones receive
2.4296 %. This suggests that the neighbouring gas zones in the kiln and surrounding
surfaces receive most of the energy radiated by a gas zone. The gas zone radiates
similar energy levels to itself as it radiates to the adjoining gas zone g3 in Zone 1,
19.103 %, while the energy radiated along the kiln to gases in Zone 2 and Zone 3 are
negligible at levels of 1.2483 % and 0.11955 % respectively. This suggests that as
the gases from the burner travel through the kiln the energy is radiated in the local
zone, and that this property goes some way in explaining the longitudinal
temperature profile of the kiln at steady state. The flow of gases from zone to zone
is therefore also an important heat transfer mechanism for transferring heat between
gas zones. This in turn will affect the heat transfer to the kiln walls in each zone
from the local gas zones.
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5.6.2 Comparison of Directed Exchange Area between a Trefoil and
Cylindrical Zone
The trefoil kiln was primarily designed to get better mixing of the kiln bed material.
This departure in design has not been considered with respect to the change in
performance of the heat transfer in the kiln. In this section, a comparison is made
between the pilot plant kiln and a theoretical cylindrical kiln that has an identical
internal surface area as the trefoil kiln. Each cusp and lobe of the trefoil kiln is
represented by a section of the cylindrical kiln. The function of this study is to
determine the difference in the direct exchange areas between the kiln types.
The direct exchange areas for the cylindrical kiln are calculated using the programs
developed in this thesis.

The direct exchange areas for both kilns, with no

intervening gas (k=0) are shown in table 5.8.
s4

s4

s5
s5

s6

s3

s3

s2

s1

s2

s6
s1

Figure 5.14. Trefoil and cylindrical kiln profiles with equivalent internal surface
area.
Trefoil Kiln
Lobe s2
Zone 1
Cylindrical
Kiln
Lobe s2
Zone 1

Cusp
s1 %
7.1059

Lobe
s2 %
20.598

Cusp
s3 %
7.1059

Lobe
s4 %
7.0535

Cusp
s5 %
7.3987

Lobe
s6 %
7.0535

Total
%
56.315

Lobe
s1 %

Lobe
s2 %

Lobe
s3 %

Lobe
s4 %

Lobe
s5 %

Lobe
s6 %

Total
%

6.2506

5.32

6.2506

13.6471

8.988

13.6471 54.104

Table 5.8. Comparison of trefoil and cylindrical kiln direct exchange areas.
The lobe surface s2 has a self-direct exchange area of 20.6 % for the trefoil kiln,
while the cylindrical kin equivalent surface sees only 5.32 % of itself. The total sum
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of direct exchange areas for the surfaces is within 2 % of each other.

The

consequence of these results show that the trefoil kiln cusp surface transmits four
times as much of its radiant energy back to itself, compared to the cylindrical kiln.
The trefoil shape of the kiln interior affects the radiant heat transfer within the kiln
and is different to that of a cylindrical kiln of similar internal surface area. The
radiant interchange of energy within a Zone of the trefoil and cylindrical kilns are
close. However, the contact time between the kiln bed materials and the kiln wall
surfaces are longer in the trefoil kiln, and therefore the temperature dynamics of both
kilns will be different.

5.7 Modelling Total Heat Transfer between Kiln Zones
Two basic building blocks have been developed to model the radiative, convective
and conductive heat exchange between a zone and the rest of the kiln. A gas zone
block has been built to model the behaviour of all gas zones within the trefoil kiln.
A surface zone block has also been developed to model a cusp, lobe and end zone.
The kiln thermal model is built using these blocks. The dynamic modelling
principles behind each block are outlined in the following sections.
The directed flux areas for the 43 zones within the pilot plant kiln model are stored
as a 43 by 43 matrix called M, listed in Appendix 1. This matrix is an input to each
zone block. The block is configured to identify which column and row within the
matrix to use as its directed flux areas for receiving and transmitting thermal
radiation within the kiln enclosure.

5.7.1 The Kiln Inner Surface Zone Model
Surface zones of the kiln are modelled as having a thermal capacity defined by the
mass and specific heat capacity the kiln wall material. The kiln metallic inner liner
wall is surrounded by a saffil insulation material [Saffil 1995], which is supported in
position by the mild steel outer liner of the kiln shown in figure 5.15.
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Kiln Outer Liner

Tamb

Conduction through saffil
Ti

Saffil Insulation

Lsaffil

Radiation In
Radiation Out
Figure 5.15. Energy exchange diagram for a curved kiln wall surface.
The rotation of the kiln moves the pellet bed into and out of the lobe surface zone.
The lobe model has been designed to model both the empty and loaded cups. The
cusp zones and end surface zones are assumed to have low contact with the pellet
bed due to the speed of rotation of the kiln. The net energy exchange between the
surface zone and the rest of the kiln is modelled using equation 5.65. The energy
balance equation for a surface zone is:
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where:

ksaffil Ai
Lsaffil

(Ti − Tamb ) + hgw Ai (Tg − Ti ) + hwb Ai (Ti − Tb )

m

= mass of the surface zone (kg)

Cp

= specific heat capacity of the surface zone (J/kg.K)

Ti

= temperature of the surface zone (K)

Tj

= temperature of the remaining kiln zones (K)







(5.65)

Tamb = outer kiln wall temperature (K)
Tg

= temperature of gas in contact with the surface zone (K)

Tiagg = temperature of the pellet bed in contact with the zone (K)
Ai

= area of the surface zone (m2)

Ksaffil = thermal conductivity of the saffil insulation (J/m.K)
Lsaffil = thickness of the saffil insulation (m)
hgw = convective coefficient between the gas and wall (J/m2.K)
hwb

= convective coefficient between the wall and the bed (J/m2.K)
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Equation 5.65 is used to model cusp surfaces, lobe surfaces and kiln end surfaces.
Each of the parameters of the model is either set through the configuration pop-up
menu or calculated from the block model inputs (Appendix 2).
The lobe zone is assumed to be in direct contact with the kiln materials bed when
positioned

between

the

120-degree

and

240-degree

positions

(see figure 6.3 page 144). Otherwise, the lobe is filled with hot combustion gases.

SS

SS

TempIn
Gas Flow

S2

TempOut

TempIn

S1

TempOut

Bed in Lobe
Gas Flow

Bed Energy
Lobe Zone

Cusp Zone

Figure 5.16. Surface zone Simulink blocks showing a cusp and lobe zone models.
The lobe zone model has six input signals as follows:
•

SS, the directed flux matrix from which the block selects its directed flux areas to

and from the other kiln enclosure zones,
•

Temp In, the temperature matrix for the 43 zones used by the block to calculate

the radiative heat received from the other kiln enclosure zones,
•

Gas Flow, the gas flow rates over the surface zone used in the convective heat

transfer coefficients,
•

Bed in Lobe, used to move pellets into and out of the lobe zone.

•

Bed Energy, the energy removed by the pellets when lying in the cusp. This

energy loss from the block is generated by the pellet model and is described in
chapter 6.
The lobe zone has only one output signal:
•

The Temp Out output signal is the temperature calculated for the lobe zone.

The cusp zone block is also based around equation 5.65. This block uses three input
signals as the pellet bed is assumed to flow over the cusps with negligible conductive
heat transfer. The description of the three inputs and single output are identical in
function to the signals for the lobe block.
The block used to model each of the end surfaces of the kiln is identical in structure
to the lobe block. The kiln rotation leaves the bed in contact with an end surface in a
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similar fashion to the cusps. However, as the surface area of the end plate in contact
with the bed is small in comparison to the cusp, the losses from the end plates to the
bed are assumed negligible. The pop-up configuration menu and code listing is
shown in appendix 2.

5.7.2 The Kiln Inner Gas Volume Zone Model
The gas volume block has been developed to model all gas zones within the kiln. A
gas volume receives energy from the surrounding gas zones by advection. The flow
of gas within the kiln is a function of the net flow rate of gas produces by the burner.
Figure 5.17 shows the energy interchange for a gas zone in the kiln.
Radiation

Q

Q

Q

Q

Radiation

Conduction to walls
Radiation

Radiation

Figure 5.17. Energy exchange diagram for a kiln lobe gas volume zone.
The energy balance equation for a gas zone is:
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where:
m = mass of the gas occupying the gas zone (kg)
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(5.66)

Cp = specific heat capacity of the gas (J/kg.K)
Ti = temperature of the gas (K)
Tj = temperature of the remaining kiln zones (K)
Ai = common area between gas zone and adjacent surface zone (m2)
Lj = thickness of the wall surface (m)
Q = thermal convective coefficient between the gas and wall (J/m2.K)
ρ = density of the gas in the gas zone (kg/m3)
aj = percentage flow of gas between gas zones
The block used in Simulink to model a gas zone volume is shown in figure 5.18
below.
SS
TempIn

G 30 TempOut

Gas Flow In
Lobe Gas Zone

Figure 5.18. Gas volume zone model Simulink block for gas zone number g30.

The gas zone model has three input signals as follows:
•

SS, the directed flux matrix from which the block selects its directed flux areas to

and from the other kiln enclosure zones,
•

Temp In, the temperature matrix for the 43 zones used by the block to calculate

the radiative heat received from the other kiln enclosure zones,
•

Gas Flow, the gas flow rates through each gas zone used by the model to

determine the advection from each adjoining gas zone.
This block solves for the gas zone temperature:
•

The Temp Out output signal is the temperature calculated for the gas zone.

The gas volume block parameters are set through the pop-up menu shown in
appendix 2. The convective heat transfer coefficient is calculated based on the flow
of gas through the zone.
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5.7.3 Modelling the Kiln Burner Combustion Flame
The simulation block used to model the flame entering the kiln is based on the
generalised gas zone volume. However, as the flame enters the kiln through the kiln
opening in Zone 1, the gases that flow into the two gas zones in Zone 1 are as shown
in figure 5.19.

SS

SS

TempIn
Qin

TempIn

G 31 TempOut
Flame Temp
Qtramp
Qcomb

Qin

G 29 TempOut

Flame Temp
Centre Gas Zone

Annular Gas Zone

s4
g32
s5

s3
g29

s6

g33

g31
s1

g30

s2

Figure 5.19. Gas volume zones used in Zone 1 to model the flame entering the kiln.

The model inputs for the centre gas zone are:
•

SS, the directed flux matrix from which the block selects its directed flux areas to

and from the other kiln enclosure zones,
•

Temp In, the temperature matrix for the 43 zones used by the block to calculate

the radiative heat received from the other kiln enclosure zones,
•

Qin, the flow of combustion gases that enter the centre zone from the flame,

•

Flame Temp, the temperature of the gas products produced by the flame.

The annular gas block has two extra inputs:
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•

Qtramp, the flow of tramp air that enters the annular zone from the pellet outlet

opening through the pellet exit opening at the bottom of the burner front box as can
be observed using figure 2.5 on page 34 and figure 2.6 and figure 2.7 on page 35.
•

Qcomb, as the annular zone encircles the centre gas zone, part of the centre gas

zone flows into the annular zone. This gas is at a lower temperature then the
temperature of the flame products. The flow rate between the centre gas zone and the
annular gas zone flow rate is directly related to the burner flow rates. The code used
in these blocks is shown in appendix A2.

5.8 Data Collection for the Kiln Thermal Model
Parameters and coefficients used by the modelling equations must be determined for
each zone model. A combination of experimentation and literature searches was
used to collect unknown kiln parameter variables. The unknown parameters are:
1. The convective heat transfer coefficient between the gas and walls.
2. The convective heat transfer coefficient between the kiln pellet bed and the kiln
walls.
3. The thermal conductivity between the kiln inner liner walls and the saffil
insulation.
4. The gas flow rates between gas zones.
The description of how the model parameters were found is outlined in the following
sections.

5.8.1 Convective Heat Transfer Coefficients
The convective heat transfer between a kiln wall surface zone and the gas zone in
direct contact with the surface must be determined. The gas to wall convective heat
coefficient is calculated using the equation [Tscheng and Watkinson1979]:
hgw = 0.036

kg
d

0.8 0.33
ed
r

R P

d 
 l 

0.055

where:
hgw = Gas to wall convective heat transfer coefficient (W/m2K)
kg = Thermal conductivity of the gas (Ns/m2)
d

= Kiln lobe inner diameter (m)

Red = Reynolds number based on d
l

= Kiln zone length (m)
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(5.67)

Pr = Prandtl number
Assuming the gas temperatures in the kiln are approximately 1300 K, equation 5.67
reduces to:

hgw = 31.8Qg0.8
where

(5.68)

Qg = Mass flow rate of products from the gas burner (kg/s)

For the maximum and minimum flow rates of the burner, this yields a value in the
range 0.44 to 2.75 (W/m2K).
The convective heat transfer between a kiln wall surface zone and the pellet bed in
direct contact with the surface is found in a similar fashion. The bed to wall
convective heat coefficient is calculated using the equation [Owens et al 1991]:
hwb

k  nr 2 β 
= 11.6 b 
l w  α 

0.3

(5.69)

where:
hwb = Wall to bed convective heat transfer coefficient (W/m2K)
kb = Thermal conductivity of the pellet bed (Ns/m2)
lw = Contact arc length of bed with wall (m)
n

= Kiln speed of rotation (rpm)

r

= Radius of lobe (m)

α = Thermal diffusivity of the pellet bed (m2/s)
β = Angle subtended by pellet bed measured at the lobe centre (rad)
Assuming the gas temperatures in the kiln are approximately 1450 K, equation 5.69
reduces to:
hwb = 31.6n 0.3

(5.70)

The speed of rotation is limited to 1 to 4 rpm, which yields a coefficient in the range
31.6 to 48 (W/m2K).
The convective heat transfer between a kiln gas zone and the kiln bed in direct
contact is based on the mass flux rate of gas products through the kiln. The gas to
bed convective heat coefficient is calculated using the equation [Owens et al 1991]

[ ]

hgb = 0.4 G g

0.62

120

(5.71)

where:
hgb = Gas to bed convective heat transfer coefficient (W/m2K)
Gg = Gas mass flux through the kiln (Kg/m2h)
Equation 5.71 reduces to:

hgb = 285.9Qg0.62

(5.72)

At the minimum and maximum flow rates of the burner the gas to bed convective
heat transfer coefficient lies in the range 2 to 43 (W/m2K).
The heat transfer rate of the kiln gas to the kiln wall is of an order smaller than the
heat transfer from the wall to the bed. Indeed the convective heat transfer from the
gas to the bed is of the same magnitude as the gas to wall coefficient. The radiative
heat exchange between the gas and wall if the wall temperature is 1450 K and the
gas is 1650 K would be equivalent to a convective coefficient of 450, an order of
magnitude higher than the convective heat transfer coefficient. This demonstrates
that the accuracy of the model depends in part on correctly modelling radiative heat
transfer in the kiln.

5.8.2 Conductive Heat Transfer for the Surface Zones
The kiln inner walls conduct heat to the kiln outer walls in the radial direction
through the saffil insulation. The conductive heat transfer between a kiln wall
surface zone and the external walls of the kiln must be determined. The saffil
insulation material has a thermal conductivity of 0.315 (W/mK). The external walls
of the kiln are cooled by convection by the rotation of the kiln. At a steady state
temperature of 1450 K for a cusp zone, heat energy stored in the zone is 1.2 MJ
while the heat losses through the wall surface 3.2 kJ. The heat energy stored in a
lobe zone at 1450 K is 2 MJ while the heat loss through the walls is 5.3 kJ.
Conductive heat transfer in the axial direction transfers heat between surface zones
in contact at the zone boundaries. Though the thermal conductivity is high between
the surface zones, the surface contact in the radial direction is 3 mm. The estimated
heat transfer between adjoining surface zones with a temperature differential of
100 K is approximately 2 J and therefore is considered negligible.
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5.8.3 Gas Flow Pattern between Gas Volume Zones
The gas flow from the kiln burner into and through the kiln must be determined to
correctly model the transfer of heat through the kiln due to convective and radiative
heat transfer. The momentum of the burner causes the kiln gases to move and
circulate through the kiln [Hottel and Sarofim 1965]. The circulation path of the
burner gases through the kiln has been determined using CFD simulation of the kiln
gas flow field using static predictions of the gas flow field [Kelly 2004]. The gas
flow pattern from the burner through each gas zone is shown in figure 5.20 below.
The burner gases enter both the kiln centre gas zones in Zone 1 (g29 and g31 in
figure 5.19 page 118) and exit through the kiln exhaust at the outlet of Zone 3. A
cross flow matrix of gas movement between each zone is used in the model to
determine the transfer of heat by convection and advection in the kiln. These flow
rates were found using CFD. In the CFD model the flow of gases across the
boundaries that define the kiln gas zones in the kiln thermal model is measured in
both the radial and axial directions. The percentage of gas flow from the burner
across each gas zone boundary is calculated as a percentage of the total burner gas
flow rate and stored as an element within the cross flow matrix. The total mass flow
rate of gas combustion products from the burner must equal the flow of gases exiting
the kiln drum into the exhaust. Modulation of the burner is assumed to have a
negligible effect on the ratio of flow between gas zones.
The use of CFD simulation results to calculate the cross flow matrix is a departure
from the use of first principles modelling of the pilot plant. It solves the difficulty of
determining the effect the burner used has on the movement of gases within the kiln.
Turns, 1986, suggests a simpler approach to use based on the momentum of the
burner. This is a good initial approach to modelling the flow of combustion gases
within enclosures, but far less accurate and time intensive than the CFD solution.
Heat transfer from the gases in the kiln ranks second in order of importance in
transferring heat from the flame to the kiln walls and pellet bed. The gas flow rates
at the walls of the kiln define the convective heat transfer rates from the gas to the
wall and the gas to the bed, as outlined in section 5.8.1 above. The energy of each
gas zone is replenished by new gases flowing into the zone, which are at a higher
temperature. This introduces new energy into the gas zone. Each gas zone is
assumed incompressible and all gas zones are isobaric. This assumption means that
122

the gas flow rates into and out of a gas zone are identical. Figure 5.20 shows the
flow pattern of hot gases through the kiln.

Zone 1

Zone 2

Burner End

Zone 3

Exhaust End

Figure 5.20. Kiln gas zone cross flow pattern.
Gas enters the kiln at the burner end of the kiln and flows in both the axial and radial
directions. The gas flow separates as it leaves the burner, flowing at different mass
flow rates through the kiln gas zones. The gas flow rejoins in the central gas zones at
the exhaust end before entering the exhaust.

5.9 The Kiln Thermal Model
The Hottel Zone Method consists of 43 separate blocks used to represent the kiln
enclosure. The Simulink masking function has been used to group surfaces and gases
that lie in the same longitudinal Zone. Each of the longitudinal Zones is grouped
together under a mask. For example, all the gas zones in Zone 1 are represented as a
single block. All the curved surfaces in Zone 1 are grouped as a block and all the
end surfaces are masked as the third block used to model the dynamics of Zone 1.
The six surface zones s1 through s6 in Zone 1 are grouped as a single block shown in
figure 5.21. The end surface and the gas zones in Zone 1 are also grouped and
represented as single blocks to make the model easier to handle.
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TempOut

Flame Temp
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Figure 5.21. Three main subsystem blocks used in the kiln thermal model.
A similar approach has been taken for the Zone 2 and Zone 3. The resulting model
for the kiln thermal dynamics is shown in figure 5.22. This model includes all
surface and gas zones within the kiln enclosure and the combustion block used to
drive the thermal model. The burner flow rates for air and gas flow drive the burner
model.

This produces a flow of hot combustion products made up of 11 gas

components. The combustion products flow through the kiln opening in Zone 1 and
flow through the kiln in a flow pattern established using CFD. The kiln wall zones
and gases zones heat up as the gas products from the burner pass through the kiln.
Forty-three zone temperatures are simulated by the model, as well as the energy
released by the burner, the energy lost out the exhaust, and the emissions in the
exhaust. These outputs are sufficient to model the variables of interest within the
pilot plant kiln.
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Figure 5.22. Kiln thermal model implementation for the empty pilot plant kiln in Simulink.
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The thermal model and gas combustion model shown in figure 5.22 is grouped into a
single block shown in figure 5.23. This allows the kiln thermal model input and
output signals needed to interface the thermal model to the kiln pellet model and a
controller block is easily identified and used.

Kiln Speed
Total Temperature
Air Flow

Fuel Flow

Zone 1 bed energy

Combustion Energy

Zone 2 bed energy

Zone 3 bed energy
Emissions
Bed in Lobe Number

Thermal Model

Figure 5.23. Thermal model of the trefoil kiln pilot plant.

The input signals to the thermal model block allow the kiln model temperature to be
controlled by setting the gas fuel and air flow rates. The coupling between the
Hottel Zone Method and the kiln pellet model allows the losses from the kiln walls
and gases to the kiln pellet bed to be simulated.
The model inputs are:
•

Kiln Speed – Rotation speed of the kiln (rpm)

•

Air Flow – Combustion air mass flow rate in (kg/s)

•

Fuel Flow - Combustion gas mass flow rate in (kg/s)

•

Zone 1 bed energy – The heat loss to the kiln to the bed in Zone 1 (J)
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•

Zone 2 bed energy – The heat loss to the kiln to the bed in Zone 2 (J)

•

Zone 3 bed energy – The heat loss to the kiln to the bed in Zone 3 (J)

•

Bed in Lobe Number – Number of the lobe the bed lies in (1,2 or 3)

The model output signals are:
•

Total Temperature – The temperature of the 43 zones in the kiln (K)

•

Combustion Energy – The energy released by the burner (J)

•

Emissions – 11 emission gases produced by combustion. (% Volume)

The variables used by the model such as the cross flow matrix, and the directed
exchange areas are loaded into the model from the Matlab workspace.

5.10 Thermal Model Validation
The kiln thermal model is the integration of 43 zone sub models into one model.
During the model development stage of the kiln thermal model, validation testing
was used to assess and refine the model. The thermal model was initially tested
using the fixed value test. The first versions of the integrated thermal model tested
had a low credibility grading, as the model developed was based on theoretical
parameters. Model parameters were adjusted using parameter variability tests, to
determine which model parameters improve the accuracy of the kiln thermal model.
At the end of each iteration of the modelling phase (step 3 to step 7), the model was
tested and validated, until the model was sufficiently valid at that fixed point. The
process was repeated at a number of operating points, until the model has an
acceptable performance between its operating limits. The outcome of the initial
validation, established a validated model that is capable of modelling the static
operating temperature of the kiln within 30 K. The static operating points of the
model and pilot plant are shown in figure 5.24, figure 5.25 and figure 5.26 as part of
the dynamic model validation testing.

5.10.1 Thermal Model Dynamic Response Validation
The kiln thermal dynamic performance during start-up is examined for a step input
change to the fuel system. In the present validation test, both gas and air systems
were driven by a step input.

The kiln thermal model is validated using the

comparison test, to a CLIMB level of 5. The open loop temperature step response of
the unloaded kiln using thermocouple TC3 is shown in figure 5.24.

This test

examines the model dynamics under start-up conditions. The gas burner is driven
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with a gas flow step input of 0.1463 kg/min. The air fan is set to 3.22 kg/min setting
the air-fuel ratio of 22 i.e. approximately 30 % excess air. Results are presented in
Celsius as the kiln SCADA system logs data in Celsius for the operations team.
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Figure 5.24. Simulated and measured open loop step response of the kiln in Zone 3.
The fuel step response shows that the model produces a valid dynamic response of
the kiln temperature for Zone 3 during the starting phase of operation of the pilot
plant. The dynamic behaviour of the kiln model temperature for Zone 3 is within
1 % of the dynamic response of the real system. Both temperature responses show
an initial dead time. At start-up, the kiln gases are at low temperatures and the
radiant heat transfer from the flame is low. As the kiln gases heat up, increasing heat
transfer rates are detected by the increase in kiln wall temperatures. The simulated
dynamic response of the model is sufficiently close to the measured data over the
1000 C temperature response. This validation test shows that the model simulates
the radiant heat transfer within the kiln closely, and is sufficient for its intended
purpose.
The dynamic temperature response of Zone 2 thermocouple TC2 is shown in
figure 5.25, to examine the model’s response to the kiln’s centre zone.
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Step Response of Kiln Zone 2
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Figure 5.25. Simulated and measured open loop step response of the kiln in Zone 2.
The temperature dynamics of the simulated model show a slightly faster response
than the measured temperature during the initial temperature response. However,
the temperature difference is less than 50 C at 800 C where the greatest difference is
observed. The steady state error is less than 20 C between both responses.
The steady state response of the temperature in Zone 2 is 25 C higher than Zone 3
for the pilot plant kiln. The simulation model also exhibits a similar temperature
difference. The model can be used to explain how this temperature difference
occurs. In the kiln thermal model, Zone 2 is closer to the flame, and because the
gases in Zone 1 and Zone 2 have a higher temperature, higher heat levels are
transferred from the kiln gas zones to the walls of Zone 2 than the walls of Zone 3.
Results presented in figure 5.25 show that the kiln thermal model is sufficiently
valid in modelling the behaviour of the pilot plant kiln during start-up.
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5.10.2 Step Response of the Kiln Thermal Model
The kiln thermal model is validated using three open loop step tests. The kiln
simulation model is validated for a set of air and fuel settings to determine how
closely the unloaded kiln model behaves to the pilot plant kiln. The kiln fuel system
is adjusted twice after start-up and the simulation model results for identical
conditions are shown in figure 5.25. The tests conditions and results are listed in
table 5.9.
Test 1 Final
Steady
State

Test 2 Final
Steady
State

Test 3 Final
Steady
State

Gas Flow (kg/min)

0.1463

0.1248

0.104

Air Flow (kg/min)
Kiln Steady State
Temperature TC3 (C)
Model Steady State
Temperature TC3 (C)
Kiln Steady State
Temperature TC2 (C)
Model Steady State
Temperature TC2 (C)

3.22

3.22

3.22

1040

860

690

1040

880

710

1075

900

730

1065

910

738

Test 1
Error
(C)

Test 2
Error
(C)

Test 3
Error
(C)

0

20

20

10

10

8

Table 5.9. Triple step testing of kiln simulation model results.
The triple step response for temperature Zone 3 is shown in figure 5.26. The steady
state response of the model is identical for the initial starting phase of the kiln, as is
also shown in figure 5.26. The air-fuel ratio is 1.287. In the second response, the air
fuel ratio is increased resulting in an air-fuel ratio of 1.5. The second step change
model response shows the model temperatures decrease with an increase in air fuel
ratio. This decrease is of similar magnitude to the real kiln system with a steady state
error of 20 C. The increase in air-fuel ratio causes the flame temperature to reduce
due to the presence of more air introduced into the burner. There is a noticeable
difference in the dynamic responses but the error in temperature is less than 30 C.
In the third step test, the air-fuel ratio is furthered increases to a level of 1.835 and
the temperature of the kiln decreases to a steady state temperature of 690 C. The
model response decreases as expected and reaches a steady state vale within 20 C of
the kiln Zone 3 temperature.
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Triple Step Response of Kiln Zone 3
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Figure 5.26. Triple step response of kiln Zone 3.
Triple Step Response of Kiln Zone 2
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Figure 5.27. Triple step response of kiln Zone 2.
131

250

300

350

385

The triple step response for temperature Zone 2 is shown in figure 5.27. The steady
state response of the model is identical for the initial starting phase of the kiln, as is
also shown in figure 5.24. With the air-fuel ratio set to 1.287, the second step
change shows that the model has a dynamic response that is closer to the measured
temperature than Zone 3. The steady state error is within 10 C. The third step
response also shows a close response when the air-fuel ratio is 1.835. The response
of the kiln model is well within the performance objectives of 4 % laid out in the
objectives set for the model. The thermal model is therefore sufficiently valid in
modelling the thermal dynamics of the unloaded kiln.

5.11 The Dominant Heat Transfer Mode within the Kiln
The significance of radiation as the dominant heat transfer heat mechanism between
the gas phase and walls of the kiln is examined in this section. Cusp surface number
13 within the simulation model is used to demonstrate the energy transfer between
the surface and the kiln enclosure. Radiation received by the surface from the high
temperature gas zones and the remaining surface zone during the starting phase of
the kiln is shown in the upper diagram of figure 5.28.
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Figure 5.28. Energy transfer for a cusp surface.
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The radiant heat received by the surface increases rapidly after the burner is
activated. The kiln gases heat quickly as gases from the burner travel through the
kiln. The temperature of the gas phase rises rapidly and consequently, the gas phase
increasingly radiates energy to the kiln walls. As the cusp walls absorb heat, the
radiant energy transmitted by the wall increases with the increasing wall
temperature.
The net radiant heat absorbed by the cusp wall is shown in the lower part of
figure 5.28. The energy received by the wall by convection is also shown. The
response shows the relative quantities between heat transfer from the flame to the
kiln cusp wall by convection and radiation. The radiation heat transfer is clearly an
order of magnitude higher than the heat transfer by convection.

The obvious

conclusion that may be drawn from these results is that the dominant heat transfer
mode for heating the kiln walls is radiation. Though the development of the directed
flux matrices for the Hottel Zone Method models is extensive, the overwhelming
advantage of using the Hottel Zone Method to model radiation heat transfer within
the trefoil kiln is clearly justified by the results shown in figure 5.28.

5.12 Conclusions
This chapter shows how the unloaded kiln model was developed from first
principles. The integration of the Hottel Zone Method into the model to account for
the radiant heat transfer within the kiln is justified by the ability of the model to
correctly model heat transfer within the kiln. Initial model validation tests show the
open loop performance to be within 4 % of the actual temperature of the pilot plant
kiln. Based on these results, it may be concluded that the kiln thermal simulation
model developed in this chapter is a sufficiently valid model of the kiln thermal
dynamics of the trefoil kiln pilot plant and meets the accuracy objectives outlined for
the model.
The validation tests presented in this chapter show that the kiln thermal model is a
valid model of the dynamic performance of the pilot plant kiln. The thermal model
is able to model the thermal transient response of the pilot plant kiln for variations in
the gas fuel system. The kiln thermal model can now be used to determine how the
kiln can be operated during start-up.

The thermal model can also be used in

conjunction with the pellet transportation model to simulate the thermal behaviour
of the kiln over its operating range.
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Chapter 6 Pellet Transportation Simulation Model
6.0 Introduction
This chapter describes the design, development and validation of the trefoil pilot
plant kiln materials transportation simulation model.

The pellet transportation

model was developed to simulate the dynamic behaviour of the kiln bed, during both
the filling and production phase of plant operation. The pellet model is used to
determine the relationships between kiln rotational speed, materials throughput and
pellet residence time. The pellet system behaves as a non-linear first order system
with variable transport delay. It is used as an integral part of the total pilot plant kiln
model when coupled with the kiln thermal model.

6.1 Background – Bench Top Testing
The aggregate manufactured in the pilot plant kiln is made by heating green pellets
over time. A green pellet is made by blending a range of powdered waste materials
together. Each material in the pellet has its own sintering temperature. The quantity
of each raw material in the pellet defines how long that material needs to be exposed
to its sintering temperature in order to transform the pellet into hard aggregate. This
is referred to as the pellet time-temperature recipe, and is unique to each pellet type.
The pilot plant was build to determine the relationship between kiln processing
conditions and pellet quality, when manufactured on a continuous basis. The dwell
time of pellets in the kiln and the kiln temperature profile were identified through
bench-top kiln testing as the two processing factors that directly affected the pellet
finished quality, irrespective of pellet type. Bench top testing was used to establish
processing temperatures and residence time set points for a given pellet type.
However, the bench top kiln only operates in a batch mode. The kiln drum is
horizontal, it is unable to discharge pellets. The bench top kiln has no automatic
pellet feeder system and is stepwise loaded with pellets using a high temperature
manual scoop. The temperature of the drum is controlled in a manner that replicates
the pellets travelling through the pilot plant kiln [Mc Keever 2003]. Pellet samples
are removed from the drum at regular intervals using the scoop. A graph of pellet
quality results against residence time is used to determine the pellet residence time
set point for the green pellet under investigation.
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The operations team were unable to replicate bench top test results using the pilot
plant. Two reasons were identified. The first was the difference in residence time
between the pilot plant kiln and the bench top kiln.

Pellet residence time in the

bench top kiln is measured from the time the kiln is loaded to the time the pellets are
manually removed. Pellets in the bench top kiln can only be removed manually, and
therefore residence time is easily measured and is independent of kiln speed or the
size of the pellet loading step.
The residence time of the pellets in the pilot plant kiln is a complex relationship
between the kiln bed mass, kiln drum speed and pellet feed-rates. The pilot plant
operations team assumed the passage of pellets through the kiln to be a pure
transportation delay, in much the same way liquid flows through a pipe.

The

materials transportation residence time was estimated as the ratio of inlet mass flow
rate to a fixed ‘full’ kiln drum weight. This simplified dead time model of the
dynamic filling of the kiln drum meant that the pilot plant could only be run at one
operating point of speed and pellet feed-rate corresponding to an estimated residence
time. The pilot plant pellet system was operated in open loop by setting both the
drum rotational speed and pellet inlet feed-rate constant. Consequently, the kiln
residence time of the first 35 kg of pellets exiting the kiln was too short, and these
low quality pellets had to be discarded. Discarding 35 kg of pellets at the loading
phase of operation is an undesirable loss of both pellets and energy.

The desired

residence time was never reached until the kiln bed reached steady state.
The second reason for the difference between both kilns was the interaction between
the pellet system and the temperature control loop. High pellet feed-rates cause a
large temperature disturbance to the pilot plant kiln drum, which the temperature
controller is slower to rectify. Initial discharging pellets therefore tended to be under
heated. Loading the kiln at a lower feed-rate reduced the temperature disturbance,
but at the cost of residence time and energy efficiency. The simplified dead time
model made it difficult to operate the kiln efficiently, to minimise the thermal
disturbance, while maintaining energy efficiency and residence time. The challenge
in modelling the pellet transportation system was to try to establish the operating
variables to minimise wastage and while maintaining fuel efficiency.
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6.2 Problem Formulation for the Pellet transportation model
The pilot plant pellet transportation model is used to simulate the passage of green
pellets from the pellet inlet of the kiln drum at the exhaust end, through the kiln
drum and exiting the kiln drum at the burner end. The pellet system is controlled in
two ways, the kiln drum rotational speed and the pellet inlet feed-rate.

Two

measurements are used to determine the status of the pellet system. The inlet pellet
feed-rate is measured using a load cell, weighing the pellets in a storage hopper
(figure 2.12). The pellets discharging the kiln are gathered in a collection bin, which
is weighed using a second load cell. The rate of change of weight in the bin is used
to calculate the pellet discharge flow rate. The kiln bed weight is determined as the
difference between the original hopper weight and the addition of the present hopper
and bin weights. The pellet transportation model is used to determine the dynamic
response of the kiln pellet system during filling, loading and running phases for load
set point changes in speed in the range 1.5 to 3.5 rpm and pellet feed rate of 0.5 to
1.5 kg/min.

6.3 Setting Objectives for the Kiln Pellet transportation model
The objective of modelling the kiln is to gain a better understanding of the materials
transportation dynamic behaviour and the interaction between kiln drum speed, kiln
dynamic fill weight, residence time and the kiln thermal model. Through improved
residence time control, the model should highlight ways to reduce the materials and
energy loss during the initial filling phase of the kiln, and to establish the correct
relationship between kiln speed, pellet feed-rate and pellet residence time.
Control of the pellet residence time within the kiln is a critical factor that affects the
quality of material produced in the kiln. Little measured data is available about the
exact effect that residence time has on pellet quality, when produced on a continuous
basis. What the operations team want to know about producing aggregate on a
continuous basis is:
1. The maximum pellet throughput of the kiln.

This defines the size

classification of the pilot plant, which is based on steady state throughput per
hour. This depends on the kiln temperature set point of the pellet, which in
turn is a function of residence time and kiln bed weight.
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2. Does increasing the residence time affect fuel-pellet weight ratio of
processing the pellet in the kiln, at a specified operating temperature?
3. Can a reduction in pellet process temperature and an increase in residence
time maintain aggregate quality and reduce the fuel-pellet weight ratio?
4. Can the pellet quality be maintained, while reducing the time-temperature
recipe? What defines this lower operating limit?
5. How can the residence time be controlled to minimise the pellet wastage
during the loading phase of operation?
The pellet transportation model is designed to answer the points outlined above.

6.4 Building The Pellet Transportation Model
Building the pellet transportation model started with a set of observation tests on the
pilot plant. All observations are summarised as follows:
•

The cross section profile of the kiln bed is non-uniform.

•

The longitudinal profile of the kiln bed is non-uniform.

•

The speed of rotation affects the pellet bed weight in the kiln.

•

The speed of rotation affects the pellet discharge rate.

•

The dead time between inlet and discharge of pellets is affected by speed and

inlet feed-rate.
•

The mean pellet residence time is affected by the dynamic bed weight, the

kiln speed, the pellet feed rate, and the pellet discharge rate.
The behaviour of the pellets moving through the pilot plant can be simulated in a
number of ways. A suitable modelling approach had to be found to cover the
different aspects of the pilot plant behaviour. This started with a survey of literature
relating to the transportation of materials through kilns and similar processing plant.
This provided an approach to modelling the materials transport through the kiln, and
the techniques used to determine variables used in the model that may not be directly
measurable.
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6.4.1 Background to Modelling the Passage of Material through
Kilns
Modelling the transportation of materials through rotating kilns has been studied for
over half a century [Saeman 1951], [Kramers and Croockewit 1952], [Hogg et al
1974], [Gupta et al 1991] and [Descoins et al 2004]. Modelling of cylindrical cross
sectional kilns has been used primarily to determine the steady state factors that
affect the materials hold-up. These calculations allow kiln drums to be correctly
sized for, i) efficient processing rates, ii) a required kiln materials bed weight and iii)
a required residence time. Experimental testing was enhanced using reduced scale
kilns [Van Puyvelde et al 1999], [Wes et al 1976], [Sudah et al 2002] and [Sai et al
1992]. This approach allows the physical laws to be determined for a given powder,
grain or pellet, especially if equipment is difficult to access, or the required
instrumentation and measurement techniques are prohibitive. One technique for
determining the dynamic behaviour of the kiln may be found based on impulse
response methods [Rutgers 1965] and [Ang et al 1998]. The drum is brought to
steady state conditions with a steady inlet feed-rate of material. A coloured identical
trace material is replaced as the inlet feed material for a short period of time, after
which the original feed-rate is restored. The impulse response of the outlet feed
materials is measured visually at the drum outlet. The mean residence time of the
material at a number of operating points is found using this technique. The impulse
response distributions are then compared to test conditions, and an empirical formula
for the mean residence time is extrapolated [Pickering et al 1951], [Chi et al 2002]
and [Sherritt and Caple 1993].
The majority of materials transportation work is centred on cylindrical drums, but
many of the findings are relevant to the trefoil kiln. Results and conclusions of
experimental work with cylindrical drums shows:
•

The rotation speeds of the kiln drum affects pellet mean residence time.

•

The kiln bed mixing in the transverse direction is related to rotation speed.

•

The height of the kiln end plate (dam) affects pellet residence time.

•

The angle of inclination affects the transverse transportation velocity of the

pellet bed.
•

The bed longitudinal profile is inclined from pellet inlet to exit.
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A theme running through the above work is the necessity to make physical
observations of how the kiln bed moves prior to the commencement of modelling.
The difficulty with modelling the passage of materials through rotating kilns and
drums is modelling of the motion of the bed material within the drum. Extensive
studies of the axial velocity profiles of bed motion within kiln have been made. The
velocity of the bed varies with distance due to the bed motion and variation in bed
depth. The longitudinal bed mixing patterns are difficult to predict and depend on a
number of factors, ranging from kiln speed and feed-rate and angle of inclination
[Hogg and Fuerstenau 1972], [Rutgers 1965], [Heydenrych et al 2002], [Lebas et al
1995] and [Spurling et al 2001].
Dynamic modelling of transportation of materials through kilns identifies the kilns as
non-linear first order systems with variable dead time [Descoins et al 2004] and
[Spurling et al 2001]. Experimental tests show that the kiln ‘full’ volume is a
dynamic variable, related to kiln speed, pellet inlet feed-rate, drum angle of
inclination and kiln design. The closest approximation to a trefoil kiln appears in
work conducted by [Sherritt and Caple 1993]. A cylindrical drum with internal
lifters was examined to determine the effects the flights have on the kiln bed as the
material is lifted and dropped by the flights. The longitudinal behaviour appears to
be similar to the effects the kiln cusps have on the kiln bed. The motion of the bed
within the lifters is a series of small avalanches, ending with a large avalanche of
material as the flight finally empties.
In this thesis, modelling of the materials transport through the kiln has been adopted
from the dominant approach used for analysing materials transportation within
cylindrical kilns. A small-scale reduced version of the pilot plant kiln, called the
Cold Kiln, was built to make observations about the behaviour of the trefoil kiln bed
in both the longitudinal and axial directions. The present construction of the pilot
plant kiln is unsuitable for the purposes of examining how the bed moves due to the
lack of direct visual access to the materials bed. The location of the pilot plant in
Leeds and the required time to complete a suite of experiments also made building a
reduced scale kiln in Dublin attractive. The kiln pellet model was built and validated
using the ‘Cold Kiln’. The Cold Kiln model was up-scaled to build the pilot plant
kiln pellet model, and was validated using results from the pilot plant kiln in Leeds.
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6.5 Description of the Cold Kiln Process
The Cold Kiln process is used to investigate the movement of pellets through the kiln
drum. This kiln cannot be heated in any way and hence the term ‘Cold Kiln’. The
effects the trefoil cross sectional profile has on materials hold-up within the kiln can
be examined using the Cold Kiln. The kiln drum is a simpler construction than the
pilot plant kiln drum. It is made using a cylindrical pipe with a removable trefoil
insert. Two end plates at either end of the kiln drum hold the trefoil inset in position.
The Cold Kiln was designed to compare the behaviour between a cylindrical drum
and trefoil kiln drum, by running the Cold Kiln with and without the insert section.
The Cold Kiln may also be operated without end plates to determine the behaviour of
the kiln under different construction configurations.
The Cold Kiln is operated using a PLC automation system. The Allen-Bradley PLC
controls the kiln drum rotation speed through a servomotor and the pellet inlet feedrate is controlled using a stepper motor. The pellets are fed from a hopper to the kiln
drum inlet, by a variable speed conveyor. The hopper and conveyor weight is
measured using a load cell and from the load cell the PLC calculates the pellet inlet
feed-rate. The pellets discharging from the kiln drum are collected in a collection
bin. The collection bin is weighted using a second load cell and is converted to a
flow reading by the PLC. The PLC is directly connected to a SCADA computer,
which acts as an interface for operating and gathering data. Measurement
instrumentation has been installed on the pilot plant kiln to allow materials balancing
and pellet residence time calculations. A video sampling system is used to record
the axial pellet flow pattern and pellet discharge.

6.5.1 Experimental Observations Using the Cold Kiln
The first stage in determining the behaviour of the kiln was to operate the kiln at a
fixed speed, fixed angle of inclination and observe the effects pellet feed-rate had on
kiln dynamics. The pellet inlet feed-rate was varied between 0.005 kg/min and 0.01
kg/min.
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Fixed Speed Testing
The following observations and conclusions were made when the kiln rotational
speed is held constant:
The kiln ‘full’ volume increases with increasing inlet flow rate.

•

This

observation shows that the kiln drum outlet flow rate is a function of kiln drum bed
weight.
The kiln materials transportation dead time during initial filling between

•

pellets entering and exiting the kiln reduces with increasing inlet flow rate. This
shows that the materials exit quicker because the minimum height of the bed at the
exit dam is reached faster.

The longitudinal flow rate through the kiln must

therefore be non-uniform. In order to observe this better, the kiln is divided into
three longitudinal Zones, corresponding to the temperature zones used in the kiln
thermal model, shown in figure 6.1.
Zone 3

Zone 2

Zone 1

hout

α

Figure 6.1. Kiln side and end view.
•

The kiln bed top surface is tapered relative to the kiln drum longitudinal wall

as shown in figure 6.1. At steady state flow conditions, the kiln bed weight is
unchanged. The ratio of the weight of pellets in a Zone to the pellet flow rate
through the Zone is the lowest in Zone 1. Consequently, the pellets entering the kiln
into the first Zone spend less time in Zone 1, which is the coolest of the three kiln
temperature zones in the pilot plant. Further observation and measurement showed
that after the bed tumbles between lobes, the bed settles out horizontally in the
longitudinal direction. The longitudinal transportation of materials through the kiln
is dominated by the shaking effect of materials moving over the cusp between lobes.
This also applies when materials discharge over the outlet dam. The weight of
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pellets leaving the bed is replenished when the bed levels out at the end of the
tumbling sequence. This is only true if the trefoil kiln has an exit dam. Informative
experiments operating the Cold Kiln without an outlet dam, which could never be
implemented on the pilot plant (as the dam is welded and holds the kiln drum
together) showed that the kiln would have a very different discharge and bed profile
behaviour.
•

Increasing pellet inlet feed-rate decreases the pellet residence time.

The

steady state residence time of the pellets discharging the kiln is the ratio of the kiln
bed weight to the steady state pellet feed-rate. This ratio is higher at low pellet feedrates.
Fixed Inlet Feed-Rate Testing
A set of experiments in which the inlet flow rate is held constant and the kiln
rotation speed is varied showed the following behaviour:
1.

Increasing the kiln rotation speed decreases the steady state kiln weight. The

kiln discharges pellet material three times per revolution, based on the height of the
bed at the exit dam. Increasing the kiln speed pushes more material over the outlet
dam per unit time and therefore the longitudinal bed flow rate increases.

The

longitudinal flow rate also increases as the number of cascades of materials between
lobes increases per unit time.
2.

The kiln dead time transportation delay decreases with increasing speed.

Materials move faster through the kiln for the reasons outlined in point 1 above.
3.

Increasing kiln speed decreases materials residence time. The ratio of kiln

volume to inlet feed-rate decreases and therefore the residence time of the kiln bed
material must decrease.
The non-linear behavioural relationship between kiln speed and inlet feed-rate is
explained in the next section.

6.5.2 Transverse Bed Motion
Observing the motion of the bed within the kiln is obstructed by the exit dam at the
end of the kiln drum, and cannot be removed. The Cold Kiln end dam has been
designed to be removable and is easily replaced by a Perspex exit dam. The speed of
rotation and the discharging action of the kiln makes it difficult to observe exactly
the full behaviour of the kiln bed in motion. Video recording equipment solves this
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problem and is used to determine the pellet bed motion for different bed levels and
kiln speeds.
Observations made about bed motion are outlined below. The motion of the bed in
the transverse direction within the kiln has two distinct flow patterns, lobe-to-lobe
and intra-lobe flow. Lobe-to-lobe discharging of the bed behaves as a large
avalanche of material flowing from one lobe to the next. The avalanche flows over
the kiln cusp as it passes between lobes. The pattern of the avalanche depends on the
size of the bed. The intra-lobe bed motion within the lobe is as a set of small
avalanches.
The transverse motion of a bed in a cylindrical kiln highlighted by Perron and Bui,
1990, is identical to the intra-lobe bed motion observed within a single lobe of a
trefoil kiln. In a cylindrical kiln the bed rises to a maximum angle of repose Θm
relative to the transverse horizontal, at which point the bed top layer avalanches back
to a minimum angle of relaxation Θr.

Θr

Θm

Figure 6.2. Transverse motion of the bed in a cylindrical kiln.
Kiln drum rotation causes the angle of repose of the bed, Θ, to increase again up to
the maximum angle Θm, and the bed relaxes once again through an avalanche Θr.
Each avalanche results in a longitudinal movement of the falling material due to the
longitudinal angle of inclination of the kiln drum α, shown in figure 6.1 [Saeman
1951].
The transverse bed movements within a lobe of the Cold Kiln captured on video are
shown in figure 6.3, for a 1/3rd anti-clockwise rotation. Figure 6.3a shows the kiln
lobe lying in its lowest position. A surface normal line to the surface of the bed is
used as a reference point throughout figure 6.3 to depict the change of bed position
and as a reference for determining when the bed will transfer between lobes. The
embankment angle of the bed is at its minimum angle of repose Θr. As the kiln
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rotates to the position shown in figure 6.3b, the bed reaches a maximum
embankment angle Θm. Further rotation of the kiln causes the bed to avalanche back
to the minimum repose angle Θr shown in figure 6.3c. A second and third avalanche
is shown in figure 6.3d and figure 6.3e where, in each case, the bed angle has relaxed
from Θm to Θr .The fourth avalanche is shown in figure 6.3f and figure 6.3g. The
transfer of the bed between adjacent lobes starts when the bed surface is parallel to
the original surface normal line, shown in figure 6.3g. As the bed spills over the cusp
of the kiln and the lobe-to-lobe transfer starts and the adjacent cusp starts to fill as
shown in figure 6.3h.

The final avalanche is shown between figure 6.3i and

figure 6.3j where the bed again relaxes back to an angle Θr, which is the starting
point for the next 1/3rd rotation.

Θr

Θm
(b)

(a)

Θm
(f)

Θr

Θr
(c)

Θr

Θr
(g)

(h)

Θr
(d)

Θm
(i)

(e)

Θr
(j)

Figure 6.3. Bed motion due to the trefoil profile of the kiln.

The bed undergoes 18 avalanches per full rotation, 6 avalanches occur as shown in
figure 6.3. The start position is shown in figure 6.3a, the first full avalanche is
completed in figure 6.3c, the second is completed in figure 6.3.d, the third in figure
6.3e, the fourth in figure 6.3g, the fifth in figure 6.3h and the sixth in figure 6.3j
which is the starting point for the next 1/3rd revolution. This partially defines the
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longitudinal transportation of the kiln bed per revolution.

The bed discharges

material when the bed spills between adjacent lobes (figure 6.3h). The criterion that
defines the discharge rate can easily be observed by comparison of the behaviour of
the bed during the fill dead time period and the steady state behaviour of the bed.
During the kiln-loading phase, the longitudinal bed motion is the combination of the
bed avalanching within the lobes and the bed avalanching between lobes. The bed
falls perpendicular under gravitational force, and as the kiln drum is inclined, the
resulting drum longitudinal motion is calculated. The total longitudinal distance
travelled by the bed per revolution is the sum of the distance the bed travels within
each lobe and the distance travelled when passing between lobes.

6.5.3 Kiln Pellet Discharge Rate
The kiln pellet discharge rate is directly related to the height of the bed at the exit of
the kiln. The bed height is defined by the kiln pellet bed weight. The bed height
defines two variables, the point at which the bed starts transferring between lobes
and the available volume of the receptor lobe. This receptor volume is dynamic, and
is a function of the kiln speed. As the bed avalanches over a cusp, the volume
available to receive pellets is defined by the position of the receptor lobe. If the
receptor lobe is too high, then it can only receive a small weight of pellets. Once this
volume is full, pellets moving in the avalanche backup against each other. As the
kiln drum further rotates, the top layer of the bed is higher than the exit dam, and
part of the bed flows through the exit hole in the exit dam.
Figure 6.4 shows the dynamic motion of the kiln bed when not discharging. The
obvious difference between figure 6.4 and figure 6.3 is the area occupied by the bed.
Figure 6.4a to figure 6.4d show the position of the bed within the lobe after each of
the four avalanches. The numbers of avalanches within the lobe are identical, but the
relative motion of the bed is larger. This is due to the ratio of pellets that move per
avalanche to the bed being higher for smaller beds.
Figure 6.4e shows clearly the avalanche between lobes.

The weight of pellets

entering the receptor lobe is less than the dynamic volume of the receptor lobe.
Pellets backup is avoided and subsequently pellets avalanche freely between lobes.
Consider figure 6.4h on the previous page, where this is clearly not the case.
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(a)

(b)

(c)

(d)

(e)

Figure 6.4. Bed motion during kiln filling phase.
Pellets are impeded from flowing freely between lobes, and the height of the bed at
the cusp allows pellets to fall through the outlet opening as the kiln rotates. This
normally occurs when the dynamic volume of the receptor lobe is less than the
avalanche volume.
The kiln bed starts to discharge when the height of the bed reaches a minimum level.
This corresponds to a minimum bed weight in Zone 1 of the kiln. For the model to
simulate the discharge behaviour correctly, the outlet flow must be calculated based
on the bed weight. The height of the exit dam and the variation of kiln bed height
with rotation cause the outlet flow to vary non-linearly with kiln speed and kiln bed
weight. The outlet flow is difficult to predict over the operation speed and flow
range of the kiln, as the discharge is a function of the shape and length of the exit,
which is unique to each kiln drum, as this is designed based on the burner box and
gas burner size used.

6.5.4 Longitudinal Bed Motion during the Filling Phase
The kiln filling phase is the dead time interval between activating the pellet system
and initial discharge of pellets from the kiln. The kiln bed weight is the integral of
the inlet pellet feed-rate. The longitudinal and transverse bed motion during the
filling phase is defined by the kiln rotation speed and pellet inlet feed-rate.
Experimental measurements show that the bed settles horizontally in the longitudinal
direction after each lobe-to-lobe avalanche. Therefore, the kiln bed is tapered at an
angle α, relative to the kiln drum (figure 6.1).
The bed is assumed to travel a constant longitudinal distance per revolution, defined
by the transverse motion of the bed and the angle of inclination of the kiln. The kiln
speed defines the time it takes to travel this longitudinal direction. The longitudinal
distance travelled per revolution is defined by the number of intra-lobe and lobe-to146

lobe avalanches of the bed. As the kiln bed lies horizontally in the longitudinal
direction after each lobe-to-lobe avalanche, the distribution of the bed along its
length can be found.
During the filling phase, the weight of pellets in each of the three kiln Zones can be
determined, as the distance the bed travels along the kiln is known, and the bed
weight distribution along the kiln is also known. This allows the flow between zones
to bed found, which is of importance when considering the interaction between the
pellet transportation model and the kiln thermal model. The filling phase ends when
the bed reaches the exit dam at the pellet discharge end.

6.5.5 Longitudinal Bed Motion during the Loading phase
The kiln loading phase is defined as the interval between the activation of the pellet
feeder system and the kiln bed reaching steady state.

Once the kiln starts

discharging, the kiln bed motion is dominated by the lobe-to-lobe avalanches. The
bed weight is defined by the difference in mass inlet feed-rate and pellet discharge.
The kiln bed weight continues to increase, as the bed discharge rate is lower than the
pellet inlet feed-rate.

The pellet discharge flow rate increases with increasing bed

weight. The bed replenishes the kiln discharge as it levels after the next lobe-to-lobe
avalanche. The bed weight continues to increase until the bed weight is sufficient to
produce a further discharge. The kiln rotational speed defines the time between
avalanches and therefore it affects the pellet outlet flow. At steady state conditions,
the mass of pellets discharging from the kiln equals the flow rate of pellets travelling
in the longitudinal direction through the kiln.

6.6 Modelling Dynamic Equations
The kiln pellet system model is used to model the behaviour of the pellet system
during the kiln loading phase and running phase of operation. The model is divided
into two categories to model the behaviour for its intended purpose. The kiln pellet
model has two phases of operation that is based around two sets of equations. These
are:
•

The kiln filling phase dynamics

•

The kiln discharge calculations
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The kiln pellet transportation is modelled as a first order non-linear system with
variable dead time. The model assumes that the kiln bed weight is the solution of the
first order equation:
dM = Q − Q
in
out
dt
where:

(6.1)

Qin = pellet inlet flow to the kiln (kg/s)
Qout = pellet kiln outlet flow (kg/s)
M = weight of pellets in the kiln (kg)

The challenge in implementing equation 6.1 is to determine the correct values of the
model parameters and variables over the operating range of the kiln. These are
outlined below.

6.6.1 Pellet Filling Phase Modelling Equations
During the filling phase the kiln has no pellet discharge and Qout is zero, which
reduces equation 6.1 to:
M = ∫ Qin dt

(6.2)

During the filling phase, the height of the leading edge of the kiln bed is assumed to
be of small enough magnitude that the kiln bed avalanches cause no separation of the
bed. The bed leading edge travels perpendicular to the kiln drum before an avalanche
due to the motion of the kiln but during the avalanche the bed rolls back under the
forces of gravity at an angle α, which is at right angles to the floor. Over one
complete revolution of the kiln bed, the bed travels a distance Δx in the longitudinal
direction. This is equivalent to the kiln bed leading edge travelling in a corkscrew
with an angle of inclination of α, around the kiln circumference until it reaches the
end of the kiln. The kiln bed is still assumed to flatten out after each lobe-to-lobe
avalanche but this has no effect on the longitudinal direction travelled by the bed.
The kiln bed in the longitudinal direction Δx can be calculated as:
∆x =c.tan α

Therefore the total distance travelled by the kiln bed during the filling phase is:
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if

lx < l

then
else

where:

N
lx =
∫ c. 60 .tan α .dt
lx = l

(6.3)

lx = longitudinal length of the kiln bed (m)
l = length of the kiln (m)
α = angle of inclination of the kiln (rad)
c = inner circumference of the trefoil kiln (m)
N = kiln rotational speed (rpm)

The weight of pellets in the bed is distributed between the three kiln Zones using lx
and M, and the fact that the bed lies horizontally in the longitudinal direction after
each lobe-to-lobe avalanche.
The trailing edge of the bed is assumed to be perpendicular to the kiln lobe walls. In
this case the bed forms part of a cylinder. The bed weight distribution along lx can be
found using numerical techniques by converting the bed weight into its equivalent
volume.

h1
h2

lx
α

Figure 6.5. Pellet bed profile during the kiln filling phase.
By solving for h1 and h2, the height of the bed at the interface between each of the
Zones can be found. If lx is greater than 0.94 m for the pilot plant kiln, then the
leading edge of the bed h2 lies in Zone 1. The heights ha and hb at the interface
between Zone 3 and Zone 2, and between Zone 2 and Zone 1 respectively as shown
in figure 6.6, can then be found. The weight of pellets in each Zone is calculated
using these heights and the total bed weight distribution across the three zones is
checked against the original value M.
Knowing the weight of pellets in each of the three Zones, the rate of change of mass
within a Zone can be determined from which the inter-Zone flow rates is calculated.
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h2

Zone 2
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M2
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M1
Q3-2

Q2-1

Qin
h1

0.47 m

0.47 m

lx
Figure 6.6. Side view of kiln bed during the filling phase.
Considering the bed shown in figure 6.6, a mass balance on each Zone yields:
Q3=
Qin −
−2

dM 1

Q=
Q3− 2 −
2 −1

dt

dM 2

dt

M = M1 + M 2 + M 3

(6.4)
(6.5)
(6.6)

where:
M1 = Mass of pellets in Zone 1 (kg)
M2 = Mass of pellets in Zone 2 (kg)
M3 = Mass of pellets in Zone 3 (kg)
Q3-2 = Mass flow rate of pellets in from Zone 3 to Zone 2 (kg/s)
Q2-1 = Mass flow rate of pellets in from Zone 2 to Zone 1 (kg/s)
This modelling approach is used by the model until the pellet bed reaches the end of
the Zone 1. At this stage the bed motion is due to the bed levelling only. After each
1/3rd revolution, the bed weight is distributed along the kiln as before. This yields
the inter-Zone flow rates and bed weight in each Zone.

6.6.2 Pellet Loading and Running Phase Modelling Equations
The pellet discharge flow rate Qout in equation 6.1, is a critical variable in modelling
the dynamic behaviour of the kiln bed. The discharge flow rate is a function of kiln
speed, kiln exit dam height, kiln bed weight and kiln angle of inclination. For the
pilot plant, the angle of inclination and kiln dam exit height are fixed. Kiln pellet
discharge always begins when the minimum bed weight Mmin is reached. This bed
weight defines the dead time of the kiln, and a calibration curve is required to
determine the discharge quantity based on kiln speed.
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From observations made using the Cold Kiln, the outlet flow of pellets takes the
following form:
if

M ≤ M min

then Qout =
0
else

where:

Qout = f ( N , M )

(6.7)

Mmin = the minimum exit bed height before the kiln discharges (m)
f(N,M) = function of speed and bed weight

When the kiln bed reaches the discharge end of the kiln, the model determines the
exit height of the bed. Equation 6.7 is used to determine the conditions that allow
the pellets to discharge.

6.6.3 Kiln Drum Pellet Discharge Flow Rate
A number of modelling approaches were taken to try to replicate the relationship
between the kiln discharge flow rate, and the kiln bed weight and kiln speed. The
best results, used here, were achieved by using a set of calibration tests. The kiln
speed and pellet flow rate are identified and three operating points are selected over
their operating range. The kiln is operated at these three settings and the relationship
between kiln bed weight and pellet flow rate are logged. This data is transformed
into a look-up table. The table inputs are kiln bed weight, longitudinal bed distance,
and kiln speed. The matrix output is pellet mass flow rate.
The disadvantages of this approach are that the equipment has to be tested over its
operating range, which may not be known.

The modelling of the relationship

between the discharge flow and kiln bed weight is unique to the kiln drum being
tested. This makes it difficult to scale the model to other kilns, but results for the
Cold Kiln and pilot plant kiln work using this approach.
The reason the discharge flow variation with speed and bed weight is difficult to
model is the level and complexity of the modelling equations needed to account for
the quantity of pellets within the lobe-to-lobe avalanche that find their way out the
exit dam opening.
Two solutions to finding the discharge characteristic for a proposed kiln plant are
available. The first involves building a ‘cold drum’ version of the plant, for the final
Zone only. The dimensions and construction of both systems must be identical, to
replicate the relationship between pellet discharge and bed weight. The second
possible solution uses CFD to model the behaviour of the pellets moving from lobe151

to-lobe to predict the variation of pellet discharge against bed weight and kiln speed,
to extract the data required by the model.

6.6.4 Modelling Thermal Losses to the Kiln Bed
The final part of the model uses the mass of kiln bed in each Zone to interface the
pellet model to the kiln thermal model.

Pellets travelling through the kiln are

modelled as a thermal disturbance in the thermal model. The thermal model is
divided into three equal longitudinal sections. For both kiln thermal and pellet
transportation models to interface, the bed volume of the pellet model must be found
for each longitudinal section. The inter-Zone pellet flow must also be determined to
allow thermal energy balancing of the kiln as pellets flow from one Zone to the next.
This is critical especially during the filling phase of the kiln as this acts as a thermal
disturbance to the kiln temperature loop.
The loss of thermal energy to the bed is assumed to occur only when the bed is
sitting in a lobe Zone. The motion of the lobe-to-lobe bed moving through the kiln is
controlled using the kiln speed. The speed signal is used to tell the bed which lobe
Zone it is in contact with. The heat transfer equation for the bed in a Zone is given
by the equation:
dTb
M bc p =
dt

(c Q T

+σ

where:

p

in in



− c p QoutTb ) + hgb AFS (Tg − Tb ) + hwb ACS (Tw − Tb )



( ∑ SST +∑ GST
4
s

4
g

− ε b AFS Tb4 + ε w ACS Tw4 − ε b ACS Tb4

Mb = mass of the pellet bed (kg)
Tin = temperature of the pellet entering the bed (K)
Tb = temperature of the pellet bed (K)
cp= specific heat capacity of the bed material (J/kgK)
AFS = flat surface area of the bed (m2)
ACS = curved surface area of the bed (m2)
Qin = mass flow rate of pellets into the Zone (kg/s)
Qout = mass flow rate of pellets out of the Zone (kg/s)
Tg = temperature of the gas zones in the kiln (K)
Ts = temperature of the surface zones in the kiln (K)
εb = emissivity of the kiln bed material
εw = emissivity of the kiln cusp wall
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)

(6.8)

In order to solve this problem the curved surface area and flat surface area of the bed
in each Zone is required. This can be solved using the bed weight and heights
outlined in the previous section.

6.7 Pellet Transportation Model Data Collection
The data gathered for the kiln pellet transportation model relate to the three distance
parts of the model, the kiln loading and operating phase, the kiln bed heat transfer
and the kiln discharge curves.
For the kiln loading and operating, coefficient relating to the bed density is used to
relate volumetric and mass calculations relating to the bed movement.
The heat transfer coefficients between the bed and walls and gas were outlined in
chapter 5. The radiation coefficients are also treated in chapter 5. The emissivity of
the bed materials is however required.
The pellet discharge calibration curves that relate the pellet bed weight to the
discharge flow against speed must be found through experimentation. This involves
running the kiln at three operating points of speed and pellet feed-rate, and recording
the variation of discharge flow against bed weight.

6.8 The Pellet Transportation Simulation Model
The kiln pellet transportation model has been developed as a set of integrated
Simulink blocks. The blocks are ‘masked’ together to form the full pilot plant pellet
model. The three blocks within the pellet transportation model are:
•

Materials transportation block

•

Residence time block

•

Bed thermal energy block

Each of these blocks is discussed in the following sections.

The model was

developed in modular block form to reduce model build time, model validation
time, model complexity and ease of navigation through the pellet transportation
block.
The complete pellet model block is shown in figure 6.7. The block input signals are:
•

Temperature Matrix – This is the current temperature of the 43 kiln wall

and gas zones, calculated by the kiln thermal model.
•

Kiln Speed – Kiln drum rotational speed in rpm.
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•

Pellet Inlet Flow – The mass flow rate of pellets flowing into the kiln from

the hopper.
The block output signals are:
•

Wall Loss Zone 1 – The energy losses from the kiln walls in Zone 1 to the

bed in Zone 1. This is sent to the kiln thermal model as an input.
•

Wall Loss Zone 2 – The energy losses from the kiln lobe wall in Zone 2 to

the bed in Zone 2.
•

Wall Loss Zone 3 – The energy losses from the kiln lobe wall in Zone 3 to

the bed in Zone 3.
•

Bed in Lobe Number – The lobe number in which the bed lies.

•

Res Time – The residence time of the materials exiting through the kiln

outlet.
•

Pellet Flow Out – The mass flow rate of pellets exiting the kiln.
Wall Loss Zone 3
Temperature Matrix
Wall Loss Zone 2

Wall Loss Zone 1
Kiln Speed
Bed in Lobe Number

Res Time
Pellet Inlet Flow
Pellet Flow Out

Pellet Model

Figure 6.7. Complete pilot plant kiln pellet transportation model.
The block input and output signals have been designed to allow the control of kiln
speed, pellet inlet feed rate, and pellet residence time. The underlying blocks within
the above model are explained in the following sections.
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6.8.1 Kiln Materials Bed Block
The kiln materials bed simulation block is used to model the behaviour of pellets
from entry to exit of the kiln drum. The model is shown in figure 6.8. This block is
a sub-model of the pellet transportation model. The kiln speed of rotation is used to
control the effects drum rotation speed has on the movement of the bed through the
kiln. The pellet inlet flow sets the mass of pellets entering the kiln, which is used in
conjunction with the Hopper On input. The model calculates the transportation of
pellets when the Hopper On digital signal is active. This allows the full kiln pilot
plant model to be simulated when empty, filling, operating or during an operating
point change.
inlet bed height1
V3 kg
V2 kg

speed in rpm

V1 kg
exit bed height1
FSA3
CSA3
inlet flow kg/s

FSA2
CSA2
FSA1
CSA1
Q3_2

Hopper On

Q2_1
flow out kg/s
Res Time

Pilot Plant Pellet Model

Figure 6.8. Pilot plant pellet transportation Simulink block model.
The pellet model has thirteen outputs. These are described below.
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•

Inlet bed height – The height of the kiln bed (which is constant) at the inlet

opening of the kiln drum. This is used to determine the energy exchange from the
kiln end walls to the kiln bed.
•

V3 kg – The weight of pellets in kiln Zone 3.

•

V2 kg – The weight of pellets in kiln Zone 2.

•

V1 kg – The weight of pellets in kiln Zone 1.

•

Exit bed Height – The height of the kiln bed at the kiln drum outlet.

•

FSA3 – The flat surface area of the kiln bed in Zone 3.

•

CSA3 – The curved surface area of kiln bed Zone 3.

•

FSA2 – The flat surface area of the kiln bed in Zone 2.

•

CSA2 – The curved surface area of kiln bed Zone 2.

•

FSA1 – The flat surface area of the kiln bed in Zone 1. This is used to

calculate the radiation interchange between the top flat surface of the bed and the
rest of the kiln enclosure.
•

CSA1 – The curved surface area of kiln bed Zone 1. This is used to calculate

the energy transfer between the bed and the kiln lobe wall.
•

Q3_2 – The pellet flow between kiln bed in Zone 3 and kiln bed in Zone 2.

•

Q2_1 – The pellet flow between kiln bed in Zone 2 and kiln bed in Zone 1.

•

Flow out kg/s – Pellet flow out of the kiln exit, used for control.

•

Res Time – Residence time of the pellets currently exiting the kiln, used for

control.
The block outputs have two functions. The first eleven outputs are used to interface
the pellet transportation model to the kiln thermal model. The last two outputs are
available for monitoring and control.

6.8.2 Interfacing the Pellet and Thermal Models
The thermal model interface block was developed to allow the kiln bed and thermal
models interact. The model is used three times within the interface, to simulate the
behaviour of the three bed zones interacting with the three kiln thermal zones. This
block has 11 output signals and generates two output signals. The model block is
shown in figure 6.9.
The model inputs are:
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•

SS_Matrix – The directed flux area matrix used to determine radiative

interchange between the kiln enclosure and the bed.
•

Temp_Matrix – The 43 kiln zone temperatures.

•

Kiln Speed – Kiln rotational speed.

•

Qin – The pellet inlet flow rate to the zone. This may be inlet pellet flow

from the hopper or from an adjacent zone.
•

Temp Pell In – Temperature of the pellets entering the zone.

•

Qout – The pellet flow rate out of the kiln zone.

•

V – The weight of pellets in the kiln zone.

•

Hopper on – Used to activate the block.

•

Surface in contact with the bed – As the kiln rotates the kiln bed moves

between lobes. This signal in the integer range 1 to 3 is used to tell the model
which surface is filled with the pellet bed. The signal frequency is generated
using kiln speed input.
•

FSA1 – The flat surface area of the bed.

•

CSA1 – The curved surface area of the bed.
SS_Matrix
Temp_Matrix
Kiln Speed

Bed Temperature

Qin
Temp Pell In
Qout
V3
hopper on
Surf ace in contact with bed

Wall Bed Rad

FSA3
CSA3

Kiln Bed Zone 3

Figure 6.9. Kiln pellet model to thermal model interface block.
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The model outputs are:
•

Bed Temperature – The average temperature of the pellets in the zone. This

is used as the pellet input temperature to the next zone.
•

Wall Bed Rad – This is the energy transferred from the cusp wall to the bed.

This energy must be used in the kiln thermal model to determine the kiln lobe
wall temperature in contact with the bed.

6.8.3 Inter Zone Pellet Flow Calculator Block
The flow of pellets between the kiln zones is calculated using the block shown in
figure 6.10 below. The block calculates the rate of change of pellets within each
Zone and from this calculation, the net flow through the Zone is calculated. The inlet
flow rates are calculated starting with the inlet Zone 3 and the outlet flow of this
block acts as the inlet flow into Zone 2. The process is repeated for Zone 1. The
total outlet flow of Zone 1 is compared to the actual flow out of the kiln to ensure the
correct mass flow rates have been calculated.

V3
Qout_V3
V2

V1
Qout_V2
Qin

Qout
Qout_V1
xl

Internal Flow
Calculator

Figure 6.10. Inter Zone flow calculator block.
The model inputs are:
•

V3 – This is the mass of pellets in Zone 3 of the kiln.

•

V2 – This is the mass of pellets in Zone 2 of the kiln.

•

V1 – This is the mass of pellets in Zone 1 of the kiln.
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•

Qin – This is the mass flow rate of pellets into of the kiln.

•

Qout – This is the mass flow rate of pellets out of the kiln.

•

xl – The distance the kiln bed has travelled in the longitudinal direction. This

is used to determine where the end of the kiln lies and the kiln fills.
The model outputs are:
•

Qout_V3 – This is the mass flow rate of pellets from Zone 3 to Zone 2 of the

kiln.
•

Qout_V2 – This is the mass flow rate of pellets from Zone 2 to Zone 1 of the

kiln.
•

Qout_V1 – This is the mass flow rate of pellets out of the kiln.

6.9 Validation of The Pellet Transportation Model using the Cold
Kiln Process
The first pellet model validation experiment is used to validate the model during the
kiln loading and operating phase. The function of this experiment is to determine if
the model can simulate the variation of kiln bed weight in the three Zones, during the
loading phase of the kiln. The inlet feed-rate is set to 0.1 kg/min and the kiln
rotation speed is set to 1.5 rpm. The Cold Kiln is run for a period of time and then
stopped. The bed longitudinal profile angle is measured and verified as horizontal.
The kiln bed is divided into three Zones using a divider tool, to represent each of the
three Zones. The pellets in each Zone are removed and weighed. The procedure is
repeated 15 times, each run being longer than the previous. Fifteen sets of data are
presented in figure 6.11, for the three Zones Z1, Z2 and Z3. The simulation model is
operated at identical conditions, and these results are also shown in figure 6.11. The
simulated model results for kiln bed and kiln zones are shown, and compared to the
measured values taken from the Cold Kiln process.
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Step Response of the Cold Kiln for N=1.5 rpm and Q = 0.1 kg/min with Cold Kiln Model Results
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Figure 6.11. Step response of the Cold Kiln model.
The results presented in figure 6.12 are used to compare the bed weight of the Cold
Kiln and Cold Kiln model during the filling phase. During the initial fill period a
difference between the simulated and measured bed weights can be seen. The
measurement of Z2 is extremely close to the simulated response. The two other
Zones are over and under in measurement. This is attributable to the difficulty in
exactly dividing the kiln bed into three parts prior to measuring each Zone weight
and the low levels of bed weight. However, the bed total is extremely close to the
bed weight measured from the Cold Kiln.
The dynamic response of the kiln bed for the model is close to the measured data and
is sufficiently valid in modelling the filling and operation phase of the pellet system.
The final run of the test is superimposed in figure 6.12 to show the Cold Kiln loading
step response.
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Step Response of the Cold Kiln for N=1.5 rpm and Q = 0.1 kg/min
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Figure 6.12. Cold Kiln step response.
In figure 6.12 the step response of the Cold Kiln during the filling phase is shown in
orange over 90-minutes. This result is used to show the measured dynamic response
of the Cold Kiln bed weight. Through the SCADA system, the kiln drum speed was
set to 1.5 rpm, and the inlet pellet flow rate was set to 0.1 kg/min. The kiln drum
weight rises to a steady state weight of 1.9 kg after 40 minutes.
The response of the model is very close to the measured response of the Cold Kiln.
This is expected as the Cold Kiln model was used to develop the model.

6.9.1

Cold Kiln Pellet Transportation Model Speed Variation Test

This experiment examines the dynamic response of the Cold Kiln at a speed of
2.5 rpm, a higher speed then the previous validation test. The steady state weight of
the kiln bed decreases with kiln speed. This validation test is used to examine the
validity of the model operating at a different speed.
The kiln drum speed is set to 2.5 rpm and the kiln pellet feeder system starts at the
beginning of the test. The SCADA system records and calculates the variation in
kiln bed weight over time. The Cold Kiln simulation model is run with identical
parameters and the dynamic response of both systems is shown in figure 6.13. These
results show the dynamic response of the both systems to be extremely close.
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Figure 6.13. Comparison of Cold Kiln Step response and model step response.
The response of the model is very close to the Cold Kiln response, showing how the
model is able to simulate the dynamic response of the Cold Kiln at a different kiln
speed, and is valid for its intended purposes.

6.10 Validation of the Pilot Plant Kiln Pellet Transportation Model
The pilot plant kiln model is validated using data gathered from the Leeds pilot plant
kiln. Lytag, a commercially available lightweight synthetic aggregate, is used as a
material for the kiln bed, due to its availability in Ireland and the U.K [Lytag 2005].
It has similar properties to the pellets produced in the kiln. The kiln pellet model
was validated over the kiln speed and inlet pellet flow range.

The individual

components of the pellet transportation model are validated, where possible, with
data measured from the pilot plant. The validation of the kiln transportation and
residence time blocks is outlined in the following sections.

6.10.1 Pilot Plant Kiln Pellet Discharge Calibration
The pilot plant discharge curve shown in figure 6.14 shows the variation of pellet
discharge against kiln bed weight at a range of fixed operation speeds. This data was
collected from the pilot plant by operating the kiln at steady state and measuring the
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pellet discharge flow rate from the kiln at a set of speeds. The curves shown in
figure 6.14 are polynomial curve fit to the data gathered.

Pilot Plant Pellet Discharge Calibration Curve
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Figure 6.14. Pilot plant pellet discharge calibration curves.

The polynomials are used in Simulink’s ‘two dimensional look-up table’ block. The
two inputs to the block are kiln speed and pellet bed weight. The block interpolates
the data from the graph and calculates the discharge flow rate as the block output.
The first set of experiments conducted on the pilot plant kiln and simulation model
are shown in figure 6.15. Three speed values of 1.7, 2.45 and 3 rpm represent the
range of operation of the kiln to achieve a residence time of 20 minutes. The pellet
inlet feed-rates used are 0.44, 1.17 and 2.03 kg/min. The results of the kiln step
response for these three experiments are shown in figure 6.15. The simulation model
response for identical conditions is shown in red. These values represent the range
of operation of the kiln.
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Pilot Plant Kiln Bed Filling Step response
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Figure 6.15. Kiln bed filling step response over the kilns range of operation.
The first kiln bed weight response was measured at a speed rotation of 1.7 rpm and
inlet pellet feed-rate of 0.44 kg/min. The response shows that the kiln has a long
time constant of approximately 30 minutes. The pellet model shows a close tracking
of the measured response. The model simulates an identical response during the
dead time filling period when the kiln discharge is zero. The model outlet flow is
slightly lower than the measured value, shown between 30 and 50 minutes, but the
steady state response of the model is close to the measured value.
The second kiln bed weight response was measured at a speed of response of 3 rpm
and inlet pellet feed-rate of 1.17 kg/min. The increase in kiln speed coupled with the
larger pellet inlet feed-rate caused a faster dynamic response. The time constant is
approximately half the value of the previous test. This response represents the
middle of the operating range of the kiln. Again, the model is able to accurately
respond in a near identical fashion to the measured response. This is expected as the
pellet discharge curve is found using this experiment.
The third kiln bed weight response was measured at a speed of response of 2.45 rpm
and inlet pellet feed-rate of 2.03 kg/min. The decrease in kiln speed coupled with the
larger pellet inlet feed-rate caused the response to have a time constant of 12
minutes. The time constant is approximately one third the value of the first test. This
response represents the upper limit of the operating range of the kiln. Again, the
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model is able to accurately respond in a near identical fashion to the measured
response during the dead time period. The dynamic response between 25 and 50
minutes is lower than the measured value. The model response reaches a near
identical steady state.
The results shown in figure 6.15 are used as calibration data for the variation of
pellet discharge against kiln speed and pallet bed weight. Results highlight two
features of the model. The first is that the model of the kiln pellet system responds
in a similar fashion to the pilot plant, if kiln speed or pellet feed-rate is changed, the
kiln model accurately behaves in a valid fashion. The second is that the technique
for modelling the pellet discharge is a valid technique for lumping together the
effects, which the kiln opening has on kiln discharge.

6.10.2 Pellet Transportation Model Feed-Rate Step Test Results
Three further validation experiments were made using the kiln pellet transportation
model. The first two experiments were conducted at a kiln speed of 2.45 rpm. The
third experiment is at 3.0 rpm. These validation tests are used to determine the
ability of the model to replicate the transient behaviour of the kiln pellet model at
higher speed of operation, over the range of pellet feed-rates for the pilot plant.
These results are presented in figure 6.16 using a different set of data to that used to
calibrate the model.
A comparison of the curves shows that the kiln dynamic response increases by
increasing the pellet inlet feed-rate. The response at low pellet feed-rate has a steady
state error, but the dynamic response is very close. At the highest speed of rotation
and highest setting of pellet feed-rate the kiln model responds well. Each of the
open loop bed loading responses is accurate for the purposes of the model. The three
responses presented in figure 6.16 shows that the kiln model is valid for its intended
purpose of modelling the movement of pellets through the pilot plant kiln over a
range of kiln drum rotational speeds and pellet inlet feed-rates.
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Figure 6.16. Kiln filling step response.
At a speed of 2.45 rpm, the dynamic response of the kiln pellet system differ
considerably for the two pellet feed-rates used. The rise time and steady state values
of the model at 2.45 rpm show the effect that the pellet feed-rate has on the kiln bed.
The steady state bed weight of the kiln increases at a faster rate, for the higher feedrate of 1.17 kg/min and the steady state bed weight is also higher.

6.11 Pellet Residence Time Modelling
The mean residence time of the pellets in the kiln is a measure of the average time a
pellet spends in the kiln. At steady state conditions the mean residence time is the
ratio of the kiln bed weight to the pellet inlet mass fed-rate. Calculation of the mean
residence time is more difficult during transient changes in the operation of the kiln
such as the loading phase or an operational pellet feed-rate set point change.
The problem with calculating the mean residence time is to determine the time when
the pellets exiting the kiln now entered the kiln. The complexity of the problem
increases when the pellet inlet feed-rate is varied over time, combined with a kiln
drum speed change. The residence time is found using two matrices, calculated at a
fixed interval:
M in = tin

∫Q

in

dt 
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(6.9)

M out = tout

∫Q

out

dt 

(6.10)

Each matrix has two columns, the left column for time stamping the data, the right
column for recording the pellet mass totals. The current values of the pellet totals
entering and discharging are stored in the lowest row of each matrix. The residence
time is found by searching through the second column of the Min matrix until the
latest value of Mout is found. If the value lies between two points in the Min matrix
column, then the time tin is linearly interpolated between these two points. A search
pointer is used to prevent the search going back on old values already used and to
speed up the search. Search only starts at the end of the filling phase. During the
filling phase the residence time is simply the time since the hopper feeder was
started. The first pellets that discharge at the end of the filling phase have resided in
the kiln for the full filling phase period. At the end of the filling phase the residence
time is determined as:
Tr =
tout − tin
when

∫Q

out

dt =
∫ Qin dt

(6.11)

6.11.1 Pellet Residence Time Block
The residence time model is used to calculate two parameters of interest, the time the
pellets exiting the kiln have resided in the kiln and the mean residence time of the
total pellets in the kiln. The residence time of the pellets exiting the kiln is directly
related to pellet quality and must be controlled.

The residence time model

determines the time a pellet takes to pass through the kiln using mass balancing. The
model integrates the inlet flow rate and the outlet flow rate. At a preset 60-second
integration step, the model uses a look-up table to find when the inlet flow rate total
was equal to the present outlet flow rate total. The residence time is then the
difference in time between when the inlet and outlet totals are equal.

Linear

extrapolation is used to improve the accuracy when values lie between integration
sample steps.
The block used to calculate the residence time is shown in figure 6.17 below.
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Figure 6.17. Pellet Residence time calculator.

The block signals inputs are:
•

Bed Weight – The total weight of pellets in the kiln.

•

Qin – The mass flow rate of pellets into the kiln from the hopper.

•

Qout – The outlet mass flow rate of pellets exiting the kiln.

The two block output signals are:
•

Mean Res Time – The mean residence time of the materials in the bed.

•

Res Time – The time the pellets exiting the kiln now have spent in the kiln.

At steady state conditions, the mean residence time and residence time are equal, and
are the ratio of bed weight to inlet pellet mass flow rate.

6.11.2 Pellet Residence Time Step Test Results
The residence time of the kiln pellet transportation model is calculated by the
residence time block. The residence time model is validated during the loading
phase of operation of the pilot plant kiln. The kiln is operated at a speed of 2.0 rpm
and an inlet feed-rate of 1.0 kg/min. The function of this validation test is to
examine the variation of pellet residence time during the loading phase to determine
if the residence time model behaves correctly. Two sets of results are presented in
figure 6.18. The upper graph shows the integral sum of the inlet and discharging
pellets, over time. The time difference between both curves is the mean residence
time of the pellets about to discharge the kiln. Two measurements are shown at
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23 minutes and 76.9 minutes. The residence time is the horizontal time difference
between both curves. The lower curve of figure 6.18 shows the variation of the
residence time calculated by the residence time block. The curve represents the
residence time of the pellets if the correct conditions are met to cause a discharge.
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Figure 6.18. Residence time response of the pilot plant during the loading phase.
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The residence time of the pellets discharging the kiln is 20 minutes, 23 minutes into
the loading phase. The kiln has discharged a total of 3.0 kg at this stage. At 76.9
minutes, the corresponding residence time of the pellets discharging the kiln is 26.9
minutes.
The steady state bed weight of the pilot plant kiln is 26.95 kg. The corresponding
residence time calculated by the model at steady state is 26.95 minutes,
corresponding to a 1.0 kg/min feed-rate.
The results presented in figure 6.18 shows that the residence time model is valid in
calculating the mean residence time of the pellets discharging the kiln. This model
output signal can now be used to allow the residence time of the kiln bed over its
operating range be calculated and controlled.

6.12 Overview of the Complete Pellet Model
The final version of the underlying blocks within the pellet transportation block is
shown in figure 6.19. The model is validated in two ways, using the Cold Kiln and
the pilot plant. Figure 6.19 shows the interconnections between blocks within the
model. Each of the blocks used in the complete pellet transportation model is listed
in appendix 3.
The pellet transportation model is made up of six main blocks. Three blocks are
identical, used to model the heat transfer between three bed Zones and the kiln
thermal model, shown in the top right of figure 6.19. ‘Kiln Bed Zone 3’ block is
driven by the inlet pellet feed-system which is activated using the ‘Hopper On Flag’
block. This is a switch used to activate the model when the pellet system is turned
on. The ‘Lobe Selector’ block is used to time step the bed through the kiln lobes, so
that the pellet bed zone blocks are able to exchange energy with the correct lobe
surface in the kiln thermal model. The bed moving through the kiln is modelled by
the block in the bottom left hand side of figure 6.21.
The components shown in figure 6.19 are grouped together and the complete pellet
transportation model shown in figure 6.8. The pellet transportation model has been
shown to be a valid model of the pilot plant pellet system. The model can now be
used in conjunction with the kiln thermal model to simulate the behaviour of pellets
moving through the kiln when operating at temperature. The integration of the two
models is outlined in the next chapter.

170

times
Clock

Sim Time

M

SS_Matrix

Pellet Bed
vol4

1
Temperature Matrix

Temp_Matrix
Kiln Speed

300

Qout
V3
hopper on
Wall Bed Rad
Surf ace in contact with bed

Lobe Number
Hopper On

4
Bed in Lobe Number

Lobe Selector

Temp_Matrix

Bed Temperature

Temp Pell In

Speed

SS_Matrix

Temp_Matrix
Kiln Speed

Qin

Ambient Pellet
Temperature

SS_Matrix

FSA3

Kiln Speed

Bed Temperature

Qin

Temp Pell In

Temp Pell In

Qout

Qout

V2

V1

hopper on

hopper on

Wall Bed Rad
Surf ace in contact with bed

Wall Bed Rad
Surf ace in contact with bed

FSA2

FSA1

CSA2

CSA3

Kiln Bed Zone 1

inlet bed height1
V3 kg

V3

TB3

Zone 3 Bed weight
2

1

V2 kg

speed in rpm

Kiln Speed

V1 kg

V1

Wall Loss
Zone 3

V2

Zone 1 Bed weightZone 2 Bed weight
exit bed height1
FSA3

hf

CSA3

Bed Exit
Height

Qinlet

3
Pellet Inlet
Flow

Kiln inlet
Pellet Flow

FSA2

inlet f low kg/s

HopOn
Is hopper
on

CSA2

QV3

FSA1

Zone 3 Bed
outlet flow

CSA1
Q3_2
Hopper Flow Hopper On1

Hopper On Flag

Hopper On

QV2

Qout

Zone 2 Bed
outlet flow

Pellet OutFlow

Q2_1

QV1

f low out kg/s

Rt
Res Time

Pilot Plant Pellet Model

Residence
TIME

Zone 1 Bed
outlet flow

Figure 6.19. Components within the complete pilot plant pellet transportation model.
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6.13 Conclusions
The kiln pellet transportation model has been designed and built from first principles
as demonstrated in this chapter. The model has been validated using the Cold Kiln
and the pilot plant process where possible. Results show a very close dynamic match
between the pellet model and the pilot plant. The validated pellet transportation
model can now be used for two functions. The first function of the model is to allow
the integration of the pellet transportation and kiln thermal model discussed in
chapter 7. The second function is to allow the operations team decide from all the
possible kiln inlet feed-rates and kiln speed how the pilot plant can be operated.
From this information, controls strategies can be developed to achieve steady state
and dynamic performance as discussed in chapter 8.
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Chapter 7 Complete Trefoil Kiln Pilot Plant Simulation Model
7.0 Introduction
This chapter describes the validation of the rotary trefoil kiln pilot plant simulation
model. The complete kiln simulation model was built by integrating the pilot plant
thermal model and pilot plant pellet transportation model. This chapter describes
how both sub-models are interconnected and simulation results for the kiln under
open loop loading and operating phases.

7.1 The Complete Pilot Plant Model
The complete pilot plant model is implemented by integrating the kiln thermal model
and pellet transportation model, shown in figure 7.1. The model is made up of two
sub-blocks; the kiln thermal model described in chapter 5 and the pellet
transportation model described in chapter 6. The thermal model block has a single
output signal connecting it with the pellet transportation model. This signal passes
43-kiln zone temperatures generated by the thermal model, as a single matrix signal
to the kiln pellet model. The pellet model has four output signals connected to the
kiln thermal model. These signals tell the thermal model the position of the kiln bed
in the kiln, and allow the thermal model to remove energy from the kiln lobe walls in
contact with the kiln bed. The bed temperature and wall temperatures are coupled as
the temperatures in the kiln define the heat transfer to the kiln bed. The motion of
the kiln bed distributes this heat within the kiln, which in turn defines kiln
temperatures.
Algebraic loops are avoided in the pilot plant model in two ways. All kiln zones are
set to ambient temperature at the beginning of a simulation run. The kiln burner is
activated when the kiln starts rotating. This activates the thermal model, and kiln
gas and wall temperatures rise accordingly. The thermal model is programmed to
ignore the pellet model until the pellet system is activated. This decreases the
computational load for Simulink during start-up and speeds up the time taken to
reach the loading phase. Likewise, the pellet model ignores the thermal signals until
the pellet feed system is activated. When the kiln reaches start-up steady state
temperature, the pellet feed system may be activated.
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Energy losses from the kiln walls and gas zones to the pellet materials bed is
calculated by the pellet model and sent as an energy loss to the pellet model. As the
kiln model has three thermal zones, the mass of pellets in each zone affects the loss
within the zone. The flow of pellets between kiln zones also causes a thermal
disturbance to the thermal model. Both of these energy losses within a zone are
combined and sent to the thermal model as a single signal.
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Figure 7.1. The complete trefoil kiln pilot plant kiln Simulink model.
Inputs to the complete kiln model are kiln speed, gas and air flow rates and pellet
inlet feed-rate. Each of these four model input signals are available to control kiln
zone temperatures and pellet residence time in both open loop and closed loop
control. Direct output signals from the model are as follows:
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•

Total Temperature – The temperature of the 43 zones within the kiln.

•

Combustion Energy – The energy released by combustion.

•

Emissions – The level of gases in the exhaust.

•

Pellet Flow Out – The discharge flow rate of the kiln.

•

Residence Time – The mean time pellets discharging from the kiln have resided

in the kiln. During the dead time interval, this signal represents the residence time
the first pellets would have were they to discharge now.
The five output signals of interest for controlling the operation of the kiln to examine
process performance under BAT requirements are:
1. Kiln temperature,
2. Kiln combustion energy usage,
3. Pellet residence time,
4. Materials processing,
5. Combustion emissions.
The model is be used to investigate the static and dynamic performance of the pilot
plant, to determine optimal set points, modes of operation during start-up and filling
of the kiln. The validation of the pilot plant model is outlined in the next section.

7.2 Kiln Model Validation
The pilot plant simulation model is validated in two ways. The first examines the
performance of the kiln model when the kiln temperature is controlled, to determine
if the model behaves in the correct manner. The second validation test examines the
variation of kiln temperature during loading without temperature control.

7.2.1 Closed Loop Temperature Control Validation
The pilot plant model is validated to CLIMB level 3, by examining the performance
of the model during the loading phase to data from a similar system. The function
of this validation test examines the variation of kiln wall temperatures during the kiln
loading phase. Data measured from the kiln is compared to data generated from the
old kiln drum under closed loop control. This data was previously presented in
chapter 2, showing the first control of the kiln. What is of interest in this graph is
not the start-up of the kiln, but the loading phase. During the loading phase, a pellet
feed-rate of 1.0 kg/min is used to load the kiln. The kiln temperature set point is
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controlled to 1100 C. When the kiln is loaded with pellets, the temperature of Zone
3 drops rapidly, due to the cold pellets entering the kiln. The temperature of Zone 2
and Zone 1 are maintained at 1100 C while Zone 3 is 100 C lower than the other two
zones.
Kiln Model Temperature Response during Start-up and Loading Phase
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Figure 7.2. Dynamic response of the OLD PILOT PLANT Kiln and pilot plant
model during the loading and operating phase.
The drop in temperature in Zone 3 of the kiln is the direct result of the cold pellets
entering the kiln.

This temperature disturbance is measured in Zone 2, and

controlled by the gas burner to maintain temperature in Zone 2 to 1100 C. The
variation of temperature in Zone 1 and Zone 2 for both results in figure 7.2 are
similar in appearance, though they are for two different kilns, the old pilot plant
kiln used initially and the present pilot plant kiln.
The model shows that it is capable of producing a temperature response that is
similar in performance to the old kiln response. This validates the model to CLIMB
level 3, which is suitable for its intended purpose.
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7.2.2 Open Loop Temperature Validation
The pilot plant model is also validated using open loop step tests performed on the
pilot plant during two phases of operation, the kiln loading phase and the kiln
operating phase. The kiln-loading phase starts, when the kiln wall temperatures
reach steady state at the end of the kiln start-up phase. The test begins when the
pellet

inlet

feed

system

starts

and
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Open Loop Kiln Wall Temperature Response During Pellet Loading of 1.5 kg/min
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Open Loop Kiln Bed Temperature Response During Pellet Loading of 1.5 kg/min
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Zone 3 Open Loop Gas and Wall Temperature Response During Pellet Loading of 1.5 kg/min
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Figure 7.3. Open loop response of the kiln model during the loading and operating
phase.
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When the kiln pellet bed reaches steady state conditions, the operating phase of the
kiln starts. The simulation run time is 180 minutes, to allow the kiln walls reach
steady state.
The complete kiln simulation model is operated with fixed variables, to determine
the open loop performance of the pilot plant when during the loading phase. A kiln
speed of 2.0 rpm and an inlet feed rate of 1.0 kg/min, a gas fuel flow of 0.164 kg/min,
and airflow of 2.82 kg/min, are used in the simulation run. The kiln temperature
response for the three kiln zones is shown in figure 7.3.

The uppermost graph

shows the dynamic response of a cusp wall surface for each of the three kiln zones.
The wall temperature in Zone 1, shown in red, reaches lowest value at steady state.
This is caused by the ‘cold’ pellets entering through the in the second uppermost
graph. Pellets rapidly heat as they initially flow into Zone 1. These pellets quickly
flow through into Zone 2 and Zone 3 during the filling phase. The temperature of the
pellet bed is higher in Zone 2 and Zone 3. The reason for this are that the temperature
reached by the pellets leaving Zone 1, are far higher for pellets entering Zone 2, than
the temperature of the cold pellets entering Zone 1. The resulting heat losses from
the walls in Zone 2 to the bed are lower, and wall temperatures within Zone 2 are
higher than in Zone 1.
The temperature of the gas phase and walls in each zone is shown in the remaining
graphs of figure 7.3. The gas temperatures in Zone 2 and Zone 3 show how the
temperatures within the kiln drop as gas products released by the burner flow
through the kiln. As the gases flow, energy extracted by the kiln walls, kiln bed and
other gas zones heats the kiln. In Zone 3, the gas temperatures are the lowest, and
the resulting temperature of the kiln walls is lower in Zone 3 than Zone 2. However,
the kiln bed temperature still receives energy from the walls in Zone 3 but the heat
transfer rate is lower. The relative magnitude of the three kiln bed temperature
responses, shown in the second uppermost graph, demonstrate the disproportion of
heat transfer to the kiln bed as the pellets travel through the kiln. This is as expected,
as a temperature differential along the kiln from inlet to discharge can be seen
through a viewing hole using goggles, when the pilot plant operates.
In the absence of any control to the kiln temperature or the pellet system, kiln
temperatures reach steady state at far below normal operating conditions. However,
by reaching steady state conditions, this demonstrates the numerical stability of the
model and underlines the realistic transfer of energy between the burner, 43 kiln
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zone wall locations and gases and the pellet bed.

Model stability is also

demonstrated between the kiln thermal model and kiln pellet model as the flow of
the pellets through the kiln generates a thermal disturbance to the kiln thermal
model. This test is often avoided when using closed loop control. Closed loop
control by its very nature tends to cover up this model instability, due to its
correcting nature.
The kiln pellet transportation model response is shown in figure 7.3, to show how
the pellet model operates, and affects the kiln thermal model. In the uppermost
graph of figure 7.3, the mean residence time response is shown. The mean residence
time increases linearly, until pellets start to discharge after a dead time interval of 9
minutes. The kiln discharge increases quickly, and the rate of change of the mean
residence time of the pellets exiting the kiln decreases until steady state is reached,
corresponding to the inlet feed-rate is equal to the pellet discharge flow. The weight
of pellets in each of the three kiln zones is also shown in the lower graph of figure
7.3. The change of volume of the kiln bed is clearly visible. The effect this
changing volume has on kiln temperatures is not as rapid for the kiln thermal zones,
due to the large thermal capacity of the kiln walls relative to the thermal capacity of
the kiln bed materials during the initial filling phase. However, as the kiln bed
increases and pellet discharging starts, removing energy from the kiln, the presence
of the increasing bed increasingly removes energy from the kiln, and this decrease
continues until steady state conditions prevail. At the new steady state conditions,
the energy removed from the kiln by exhaust gases and pellets is equal to the energy
released by the burner.
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Pellet Residence Time Open Loop Response During Pellet Loading of 1.5 kg
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Open Loop Kiln Bed Weight Response During Pellet Loading of 1.5 kg
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Kiln Pellet Discharge Flow During Pellet Loading of 1.5 kg
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Figure 7.4. Pellet system response during the loading and operating phase.
The real time required by the model to complete the above simulation test was
6 hours using Simulink ODE45 variable step integrator, which is based on the
Runge-Kutta 45 numerical quadrature [Davis and Rabinowitz 1975]. The largest
simulation integration bottlenecks occurred when the model solved the transfer of
pellets across the interface between two zones. The temperature of the bed rapidly
increases as initial pellets move across the interface, but the energy absorption rate is
limited when the bed is less than 0.1 kg.
The results presented in this section have been generated using the complete kiln
simulation model.

Numerous difficulties were encountered in developing the

complex dynamics of the complete pilot plant model.

The high coupling and

dependency of variables from the kiln burner temperature, gas flows, radiant energy
transfer, kiln bed motion, residence time prediction and the outlet flow of the kiln all
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made solving the kiln simulation model initially, difficult. A good understanding of
the operation of the pilot plant and its behaviour made identifying the reasons and
solutions to solver ‘crashes’ possible. Placing lower and upper bounds on control
parameters greatly reduced the probability of the solver ‘crashing’ due in part to the
model being asked to operate outside the realms of physics, e.g. negative kiln outlet
flow. The kiln model may now be used to determine the performance of the kiln
over its operating range and to assess the best way to operate the kiln.

7.3 Using Pilot Plant Model
The modelling phase of development of the pilot plant model was conducted in four
parts.

Each sub-model was brought from model building (step 3) through to

validation (step 7) until the complete pilot plant model was developed. The next step
within the simulation study is the computer simulation phase. This is where the
model is tested.

Chapter 8 outlines how the model is used to develop the

input-output relationships between process variables, a kiln start-up strategy, and a
loading and running strategy for the pilot plant.

7.4 Conclusions
This chapter has been used to show that the complete kiln model can simulate the
dynamic open loop response of the kiln during loading and operating phases. The
model behaves in an identical fashion to the pilot plant kiln. Results generated from
the model show that the kiln model is capable of simulating the decrease of
temperatures within the kiln, the flow of pellets through the kiln and the new steady
state conditions within the kiln at the end of the loading phase. It may be concluded
that the valid complete kiln model can be used to simulate the open dynamic
response of the kiln, and provides insight into its loading behaviour.
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Chapter 8 Simulation Results for the Trefoil Kiln Pilot Plant
8.0 Introduction
This chapter describes how the pilot plant simulation model was used to establish an
operating strategy for the trefoil rotary kiln pilot plant. A set of performance curves
and maps have been developed using the model that defines the steady state inputoutput behaviour of the pilot plant over its operating range. An analysis of the fuel
usage of the pilot plant during start-up was also examined using the model, for a
range of schedules. A pellet loading strategy for the kiln was developed using the
model by examining the pellet residue waste and fuel consumption of the process
during the loading phase. The final part of this chapter deals with an examination of
closed loop control of the pilot plant using the model to determine how the pilot
plant performs for a range of operator defined time-temperature pellet recipes.

8.1 Computer Simulation Phase
The computer simulation phase of a simulation study outlined in chapter 3, deals
with the design, implementation and evaluation of tests conducted with the
simulation model. In the case of the pilot plant model, the user requirements for the
pilot plant model define the type and amount of testing that must be carried out on
the model. This following section describes the user requirements for the pilot plant
and from this list, a set of experiments have been identified.

8.1.1 Testing the Pilot Plant Model
The kiln simulation model was used to conduct four categories of test. These are
outlined below:
Static Input Testing: This group of tests was used to establish the input-output
relationships between pilot plant variables at steady state. The pilot plant user
requirements are defined in terms of the processing conditions of the pellets in the
kiln. The processing temperature and the pellet residence time of pellets define the
quality of the finished aggregate. However, pilot plant performance is measured in
terms of two process output variables. The values of the pilot plant input variables
that correspond to these temperature and residence time set points over the operating
range of the process are found using steady state analysis of the pilot plant model.
These graphs define the variation of outputs with inputs over the pilot plant’s
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operating range. The input-output relationship of the pilot plant is presented as a
graph allowing the operations team process requirements to be translated into
process input operating set points. These tests are outlined in section 8.2.
Pilot Plant Start-up Testing: This set of testing was used to determine how to heat
up the kiln to operating temperature prior to loading.

The start-up phase of

operation is only defined by the operations team in terms of the operating set point
temperature the kiln must reach before loading. No information was available on
how to heat the kiln up, other than that the manufacturer of the kiln claims that the
heat-up rate may be subject to restrictions in the future. The unloaded kiln model
was brought to steady state operating temperature by scheduling the gas burner flow,
based on temperature. The kiln model was used to determine ways to reduce the fuel
usage of the process during start-up by examining the distribution of heat in the kiln
as outlined in section 8.3.
Kiln Operation during Loading phase Testing:
The operation, loading and running of the pilot plant was undefined, as this is the
first time the pilot plant is being operated using closed loop control of both residence
time and temperature. The pilot plant model was used to determine how the plant
should be loaded and operated, by examining the quantity of pellets wasted during
the loading phase, the associated fuel and the time it takes the kiln to reach steady
state temperature and residence time. A set of tests used to load the kiln at three
pellet feed-rates, and the relative change in performance of the process was
examined to determine a loading strategy to operate the plant efficiently as outlined
in section 8.4.
Kiln Operational Set Point Control:
The main function of the pilot plant is to allow the operations team investigate the
manufacturing of synthetic aggregate on a continuous basis. The time-temperature
recipe for a pellet type has been developed using the bench-top kiln. The pilot plant
kiln is used to examine the feasibility of producing these pellets at the same
conditions on a continuous basis. The pilot plant is also to be used to conduct
sensitivity analysis on pellet quality by changing:
a) Kiln temperature
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b) Residence time
c) Residence time and temperature.
These operating requirements allow the kiln to process pellets over a range of
time-temperature recipes. Once the kiln is running, it makes far better sense to
use the kiln to run trials on a number of pellet types. This is done by changing
the kiln temperature and residence time set points simultaneously. The quantity
of energy used and the residue waste should be less than operating the pilot plant
from cold for each pellet type.

The ability of the pilot plant controller to

implement a double set point change was investigated using the pilot plant model
and is described in section 8.5.

8.2 Examining Pilot Plant Operation using Steady State Tests
The initial testing of the pilot plant model examined the steady state relationship
between the pilot plant inputs and the outputs that are used both directly and
indirectly in BAT assessment of the pilot plant. The function of these tests was to
establish the operating range of the pilot plant outputs over the range of static test
inputs, shown in figure 8.1.
The operating range of the inputs variables has already been defined for the model
and the pilot plant during the design stages of development.

The pilot plant

operations team defined the relationship between processing conditions and
aggregate quality in terms of the time-temperature recipe. However, the timetemperature recipe was defined in terms of process output data, i.e. temperature of
the kiln and residence time. This needs to be translated into a set of process inputs,
i.e. kiln speed, pellet feed-rate and gas fuel flow. The complex nature of the process
made this difficult to establish with the pilot plant.
Static testing of the pilot plant model shows the variation of the static test outputs
over the pilot plant input at static points over their ranges.

This input-output

variation presented in graphical form, shows the performance of the pilot plant over
the range of its inputs. These plots shows the limits of operation of the pilot plant
and allow a desired steady state operating point for the pilot plant outputs to be back
calculated into a group of realistic pilot plant input set points.
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Figure 8.1. Static input-output testing relationships for the pilot plant model.
The following sections describe the development of a set of graphs representing the
steady state performance of the pilot plant.

8.2.1 Unloaded Steady State Fuel Performance Characteristic
Figure 8.2 shows the variation of the unloaded kiln temperature at steady state
against the steady state fuel flow. This curve represents the steady state temperature
the empty kiln reaches for a given fuel flow rate. This quantifies the fuel used to
maintain the empty kiln at loading temperature. After the kiln has been fully loaded
and temperatures return to steady state, the unloaded kiln fuel flow can be used to
determine the extra fuel required to heat the pellet bed for a range of throughputs, at
the same operating temperature. The relationship between fuel consumption, pellet
feed-rate, kiln bed weight and residence time can be found.
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Figure 8.2. Kiln unloaded fuel temperature characteristic at steady state for kiln
wall temperature in Zone 1 at stoichiometry.
The gas fuel flow required for the unloaded kiln increases with increasing operating
temperature set point, shown in figure 8.2. At low gas flow rates, the kiln absorbs
less energy from the combustion products as they flow through the kiln to the
exhaust. Total energy released by combustion at low burner settings produces less
radiant heat transfer from the gas phase within the kiln. The energy released by the
burner produces lower gas temperatures within the kiln gas phase and hence lower
energy transfer results. The dwell time of the combustion products within the kiln is
longer at low gas rates, but not of sufficient magnitude to produce conductive or
convective heat transfers of the order of magnitude of the radiant heat transfer lost
due to the lower kiln gas phase temperatures.
At higher gas flow rates, the ratio of energy absorbed by the kiln increases relative to
the energy exiting through the exhaust. This is clearly shown in figure 8.2, where
higher kiln wall temperatures are reached at steady state at higher steady state gas
burner flow rates. The net usable energy is higher but the rate of temperature
increase of the kiln walls reduces at higher temperatures. This is because the total
heat transfer by radiation reduces with increasing kiln wall temperature, though the
gas temperatures within the kiln gas phase increase due to a combination of lower
dwell times within the kiln and the higher energy released by combustion.
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Energy released by the burner at stoichiometric combustion conditions indirectly
heats the kiln walls through radiation and other heat transfer mechanisms. The
energy efficiency of the plant is shown in figure 8.3. Energy loss through the
exhaust system is high, as the present plant configuration has no waste heat recovery
system or exhaust gas recycling system. These systems require a gas burner that is
different to the present system, a complete new exhaust system, and the associated
laboratory space for all the additional ducting and pipe work. Retrofitting the pilot
plant with these systems is beyond the work of the current round of research, but
these systems may easily be integrated into any design phase of a full-scale plant.
The unloaded and loaded kiln losses may be reduced by introducing:
1. A waste heat recovery system.
2. Exhaust gas recycling and combustion air pre-heating.
3. Pellet pre-heating system.
Work conducted by Mc Keever and Kelly, 2003 and Kelly, 2005 investigates ways
of improving the present pilot plant kiln using CFD analysis of the unloaded kiln
operating at steady state. This work involved steady state analysis of the heat
transfer within the kiln and exhaust system using CFD.

This removes the

requirement to build plant modifications, while quantifying the effects of plant
redesign for better heat utilisation.
Energy Efficiency of the Unloaded Kiln
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Figure 8.3. Unloaded kiln combustion efficiency at steady state conditions.
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Results show that significant heat transfer improvements may be made in a number
of ways. The work presented in this thesis is based only on the present configuration
of the pilot plant kiln.
Figure 8.2 and figure 8.3 show that when the unloaded kiln is heated, a balance
between heat transfer efficiency and operating temperature must be identified. The
controller objective in the start-up phase is to maximise the energy transfer at low
temperatures by controlling the gas flow rate through the exhaust, which is directly
proportional to the burner gas flow rate. The upper permitted temperature limit of
the kiln is 1470 K, which may be reached when the kiln burner is set to maximum,
ensures the kiln drum walls don’t overheat and crack or fail. The unloaded fuel
temperature characteristic is used to determine the gas fuel flow set point for a
desired kiln temperature set point, during start-up.

8.2.2 Controlling CO Emissions using the Kiln Burner
The environmental burden of the kiln is defined in terms of the fuel used and the
emissions gases produced through the exhaust.

As described in chapter 4, the

emissions levels of CO must be maintained below 50 ppm, under EU legislation, if
the pilot plant is operated on a continuous basis. One method of controlling the
emissions of the pilot plant is to control the air-fuel ratio, but this affects the heat
Variation of Kiln Wall Temperature with Fuel-Air Ratio when Gas Fuel Flow is 0.21 kg/min
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Figure 8.4. Variation of steady state kiln temperature with air-fuel ratio.
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Variation of CO Emissions with Air Fuel Ratio
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Figure 8.5. Variation of CO emissions produced by the kiln burner when the airfuel ratio is varied.

released by the burner. The current test investigates the variation of kiln temperature
in Zone 1 with air-fuel ratio by varying the air-fuel ratio from 1 to 2.2.
The unloaded kiln steady state temperature for the kiln wall in Zone 1 is shown in
figure 8.4, for the maximum gas fuel flow of 0.21 kg/min. This is used to show the
highest temperatures that may be reached within the kiln at steady state. Figure 8.5
shows the reduction in CO produced by the kin burner for increasing air-fuel ratio.
This graph shows that the CO can be reduced to below 50 ppm for an air-fuel ratio
above 1.92.
The corresponding variation in CO is shown in figure 8.5, to demonstrate the
variation in emissions levels produced by the burner as the air-fuel ratio changes.
The CO levels drop below 50 ppm when the air-fuel ratio goes above 1.92. The
maximum operating temperature of the kiln for this air-fuel ratio is 1066 K. This is
far below the desired operating temperature required for the kiln to process
aggregate. The reaction temperature of the flame drops to 1522 K, the CO2 levels
reduce from 8.577 % to 5.23 %, and H2O levels drop from 18.37 % to 10.41 %
within the kiln. This reduces the overall thermal energy transfer efficiency within
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the kiln as radiant heat transfer is affected in two ways. The burner flame reaction
temperature decreases drastically, which affects gas temperatures in the kiln. The
gases that radiate energy, namely the quantities of CO2 and H2O within the flame are
reduced due to the chemical reaction products of the flame being affected by the
excess air.
Results generated from the pilot plant model show the effect that changing the airfuel ratio has on the energy efficiency of the pilot plant.

It is inefficient from an

operating stance, to use the burner at any setting other than stoichiometric for the
present configuration of the pilot plant. The heat transfer from the kiln flame to the
kiln walls, kiln gases and subsequently the kiln bed will be reduced.

Using

additional fuel to compensate for heat loss in the flame has little effect, as the flame
reaction temperature will remain the same. This is because the air-fuel ratio would
be unchanged, though the mass flow rates of air and fuel are increased. Using results
presented above it may be concluded that air-fuel ratio control of CO for the pilot
plant in its current configuration is unsuitable. Installing an emissions abatement
system [Clarke 1998] in the exhaust, to remove CO and other emission gases
produced by the kiln should be considered.

8.2.3 Pellet Feed-Rate Performance Map
The pellet feed-rate performance map is a steady state graphical representation of the
variation of residence time and kiln bed weight against pellet feed-rate over the
speed range of kiln. The performance map shows two sets of information. The
abscissa represents the steady state kiln pellet inlet flow. The left hand ordinate
shows the steady state kiln bed volume. The right hand ordinate shows the residence
time of the pellets at steady state conditions.
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Figure 8.6. Pilot plant pellet feed-rate performance map.
Figure 8.6 shows two groups of curves, relating to the pellet system of the pilot plant
kiln. The blue coloured curve set represents the variation of steady state kiln bed
mass for a range of inlet pellet feed-rate. Each curve within the set shows the
variation of kiln bed weight against pellet inlet feed-rate, for a range of kiln
operating speeds. The black coloured curves represent the variation of steady state
residence time over range of inlet pellet feed-rate, at a set of kiln speeds. Both sets
of curves are shown for a kiln speed in the range 1.6 rpm to 3.0 rpm. The pilot plant
pellet performance map serves a number of functions that are outlined below.

8.2.4 Using the Pellet Feed-Rate Performance Map
The function of the pellet feed-rate performance map is to allow the operations team
determine the steady state inputs to the pilot plant that correspond to a desired
residence time output. The pellet performance map allows the operations team to
establish the residence time and kiln bed weight for a given kiln speed and pellet
production feed-rate. The desired residence time for the materials processed in the
pilot kiln at present is 20 minutes. This is possible at multiple operating points of
kiln speeds and inlet pellet feed-rates. Figure 8.6 shows whether it is possible to
achieve a desired residence time and pellet throughput over the kiln speed of
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operation. For example, a residence time of 20 minutes for an inlet flow of 1.3
kg/min is only possible if the kiln drum speed is 1.75 rpm.
The performance map allows the steady state kiln bed weight to be found, for the
required residence time and materials throughput. The corresponding steady state
kiln bed weight for the above example is read from the blue curve, corresponding to
25.8 kg. From a heat transfer stance, the energy transfer from the kiln burner to the
bed increases non-linearly with kiln bed weight. The performance map allows this
to be included in determining the operation conditions and operating set points of the
pilot plant.

8.2.5 Steady State Control of Residence Time using Kiln Speed
The steady state controller set point values for pellet residence time can be found
using the pellet performance map. This defines the steady state relationship between
residence time, kiln speed, and pellet feed-rate. In order to control the residence
time of the pellets discharging the kiln, the residence time output from the model
must be fed back to a controller. The controller output signal must take corrective
action based on the two inputs that define residence time, kiln speed, and pellet feedrate.

Pellet feed-rate is defined by the user and can’t be manipulated by the

controller.

Therefore, the residence time controller must use kiln speed as its

manipulated variable. The combination of controller desired residence time and user
defined pellet feed-rate must be converted into an equivalent kiln speed.
This relationship can be found using the pellet performance map. The performance
map is converted into a look-up table matrix as shown in figure 8.7. A residence
time set point and pellet feed-rate setting are converted by the block into a kiln speed
output corresponding to the steady state residence time.

This allows the kiln

residence time control and kiln temperature control to be controlled using two
separate controllers.
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Figure 8.7. Use of the pellet performance map to convert residence time and pellet
flow rate into a kiln drum set point.

8.2.6 Loaded Steady State Energy Performance Map
The pilot plant loaded energy performance map shows the variation of steady state
kiln temperature over a range of gas fuel flow rates and pellet inlet feed-rates. Five
curves are shown in figure 8.8. In each case, the residence time is maintained
constant at 20 minutes. The blue uppermost curve shows the steady state fueltemperature characteristic of the unloaded kiln as a reference point. Four other
curves show the steady state fuel-temperature characteristics for four different pellet
feed-rates. These curves show the effect that pellet throughput has on kiln operating
temperature and fuel consumption.
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Figure 8.8. Pilot plant energy performance map.
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The loaded energy performance map shows two crucial pieces of information for the
operation and control of the kiln. The first observation is the relative increase in fuel
required for producing 1.2 kg/min and 0.6 kg/min at a temperature of 1350 K. The
relative increase in fuel (0.185 kg/min to 0.21 kg/min) compared with the increase in
throughput shows clearly that the kiln uses less energy per pellet produced for larger
throughputs.

The fuel–pellet weight ratio for a steady state pellet feed-rate of

1.2 kg/min is 0.175 kg/kg and whereas the fuel–pellet weight ratio for a steady state
pellet feed-rate of 0.6 kg/min is 0.308 kg/kg. This represents a 176 % increase in fuel
consumption for processing the pellets in the kiln, at the lower feed-rate. The fuel
required to hold the empty kiln at 1350 K can be found from figure 8.2 as
0.156 kg/min, showing that the ratio of fuel used to heat the kiln relative to the fuel
used to heat the pellets at 1350 K is larger.

8.2.7 Steady State Variation of Fuel with Residence Time
In this section, the variation of fuel consumption against pellet residence time is
examined for a fixed pellet feed-rate. The residence time is varied using kiln speed,
which sets the steady state kiln bed weight. These tests were repeated for a number
of pellet bed residence times, to determine the effects residence time has on the kiln
performance. The steady state temperature reached by the kiln bed is near identical
over the residence time interval of 18 to 28 minutes, as shown in figure 8.9. For
identical pellet flow rates, the energy requirement during the loading phase increases
with increasing residence time, as the bed material increases proportionally. Once
the kiln bed reaches steady state conditions, the energy losses within the kiln
stabilise at identical pellet flow rates. The energy removed from the kiln by the
pellets discharging is therefore equivalent. The real effects of residence time are two
fold, the quality of the finished pellets is related to the mean pellet residence time
and the initial loading phase disturbance effect the response of the kiln to return kiln
temperature to operating set point. From an operational stance, the objective is to
increase efficiency and therefore would be to increase pellet flow rate and minimise
kiln speed at steady state.
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Steady State Kiln Temperature for Various Pellet Residence Times
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Figure 8.9. Variation of kiln steady state temperature for a range of residence times.
The variation of residence time has little effect on the steady state fuel consumption
of the kiln, for a given pellet feed-rate. The residence time of the bed does however
define the transient response time of the kiln temperature and the quality of the
finished aggregate.

8.2.8 Summary of the Steady State Loaded Kiln Control Objectives
The control objectives and constraints for the steady state operation of the pilot plant
kiln are summarised in table 8.1. The operating objective is to maximise the kiln
throughput while minimising the environmental burden of the kiln. The control
objective is to maximise the flow of combustion gases to maximise the heat transfer
to the kiln and bed. The environmental burden of the kiln requires that it operate at
an efficient fuel rate. The efficiency of the kiln increases with increasing throughput
for the pilot plant. Kiln temperature should be as low as possible to ensure the
energy utilisation is minimised, but the materials used within the pellets define the
operating temperature.

The fuel flow utilisation graphs show that at high

temperature, the best performance is achieved when the burner is operated at nearly
maximum flow.

The pilot plant operating set points are a translation of the
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operations team’s requirements and the control engineer’s interpretation of the plant
performance.

Parameter

Minimum

Maximum

Ideal Value

Kiln Temperature (K)

1250

1380

1330

Residence Time (mins)

18

25

20

Kiln Speed (rpm)

1.5

3.5

1.5

Pellet Flow (kg/min)

0.5

1.2

1.2

Gas Fuel Flow (kg/min)

0.05

0.21

0.21

Table 8.1. Operating limits of the pilot plant for a pellet feed-rate of 1.2 kg/min.
The operating set points in table 8.1 are used to measure the performance of the kiln
controlled under a set of control strategies. The relative change in energy cost and
performance index for identical operating conditions will be used to provide a
platform for assessing the suitability of a control strategy.

8.3 Evaluating the Behaviour of the Trefoil Kiln Pilot Plant during
Start-up
This section describes how the pilot plant simulation model was used to investigate
the fuel-temperature relationship of the kiln during start-up. The heat transfer rate
from the kiln burner to the kiln walls varies with temperature. The quantity of fuel
used to raise the temperature of the kiln by a fixed gradient increases with increasing
temperature. The effect of radiant heat transfer is reduced when the temperature
differential between the kiln walls and the burner flame is lower. The temperatures
distribution within the kiln is also a function of this differential temperature. The
dynamic response of the kiln when heated from ambient temperatures up to
operating temperature is examined in this section. The pilot plant model is used to
determine a fuel-temperature schedule during start-up to reduce the energy used.
Two operating set points are examined, 1000 K and 1370 K, representing two
temperatures of interest for the operations team. A third test is run to examine the
increased fuel usage of the pilot plant when subjected to a maximum heat-up rate of
10 K per minute above 750 K.
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8.3.1 Pilot Plant Start-up Performance Evaluation
Gas burner control is used to heat the kiln from ambient temperatures up to a preloading temperature set point during start-up.
The burner flame indirectly heats the kiln. The dynamics of the heat transfer during
start-up is examined for a set of fuel flow schedules to determine how to transfer the
most heat to the kiln walls for the least amount of fuel consumption. The rate of
heating for the pilot plant is subject to three constraints. The first constraint applies
to the minimum rate of heating of the kiln. A slow rate of heating will result in
lower heat losses through the exhaust system and may result in good heat transfer
rate to the kiln walls. This is penalised by a slow rising kiln temperature response,
resulting in a large total energy usage. The second constraint is applied to the
maximum rate of heating. A fast rate of heating results in a faster temperature rise,
but the increased gas fuel flow over a shorter period is larger then at low flow and
heating rates. A third constraint is the maximum heat-up rate may have to be limited
in the future to minimise thermal stressing of the kiln. The heat transfer from the
kiln gas phase to the kiln walls is non-linear; the rate of absorption by the kiln walls
decreases with increasing kiln wall temperature.

The kiln model is used to

determine the best burner gas fuel schedules to reach operating temperature while
minimising gas fuel used.

8.3.2 Kiln Temperature Control during Start-up
The pilot plant start-up phase is defined as the interval between the kiln rotating and
the kiln reaching operating temperature. The operating temperature of the kiln, set
by the operations team, is defined by the raw pellet make-up. Two perceived
operating temperatures for the kiln representing burnout (1000 K) and firing (1370
K) operation of the kiln are examined in this trial as comparison of the fuel used by
the kiln during start-up.
The main area of concentration for the operators has been focused on the pellet
production, resulting in the energy utilisation of the kiln during start-up being
ignored. The rate of temperature increase of the kiln walls is unlimited for the pilot
plant kiln during start up, but this is being reviewed by the manufacturers and may
not apply to future use of the pilot plant. A proposed temperature restriction rate of
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10 K/min at temperatures above 750 K has been proposed.

The main area of

concentration for the operators had been focused on pellet production, resulting in
the energy utilisation of the kiln during start-up being ignored. The operation of the
burner is key to minimising the fuel consumption of the kiln during start-up.
However, the energy absorption rate of the kiln is highly dependent on the radiant
energy of the gas phase within the kiln. Their focus was always on the loading and
operational phase of the kiln. Operating the gas burner at low flow rates may
initially raise the temperature of the kiln at a similar rate to a high flow rate, but the
overall energy absorption of the kiln is not the same. The following sections outline
how heat is transferred within the kiln and this is used to explain the minimum fuel
schedule approach required to start-up the kiln at the upper and lower temperature
ranges of operation of the loaded kiln.

8.3.3 Open Loop Thermal Response of the Unloaded Kiln
Four temperature dynamic step response curves are shown in figure 8.10, showing
the temperature response of the kiln for temperature Zone 2, over the range of
operation of the burner. The burner flow rate is held constant throughout each test.
Figure 8.10 shows that the time to reach steady state temperature values increasing
with increasing gas flow rates.
Zone 2 Kiln Wall Open Loop Temperature Response
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Figure 8.10. Thermal step response of the kiln Zone 2 during start-up phase.
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Closer examination of each response reveals that the time it takes the temperature to
reach 500 K is nearly identical. This suggests that the burner should be operated at a
low flow rate up to 450 K. However, at low burner flow, the rate of absorption of
energy decreases rapidly above 600 K as kiln temperature increases.
Above 600 K, different gas flow rates result in widely different steady state
conditions. The steady state temperature reached and the response time show that
the gas flow rate has a direct influence on the energy required to reach a steady state
temperature at a fixed gas flow rate.

At low gas flow rates, the kiln energy

absorption rate is low due to the radiant energy of the gases in the kiln being lower.
At high gas flow rates, the heat absorption rate is higher. Two tests have been
carried out to establish a start-up strategy for the kiln, at 1000 K and 1370 K,
representing the range of operating of the loaded kiln. The approach taken is to use a
low flow rate at low temperatures, and increase the fuel flow rate as kiln
temperatures increase.

8.3.4 Fuel Efficient Start-up at Low Temperature (1000 K)
The lower operating range of the kiln at a temperature of 1000 K is used when the
pilot plant is operated in ‘burnout mode’, where carbon within a pellet is removed by
combustion. The kiln is required to reach 1000 K with an error of +/- 10 K. A gas
burner flow rate of 0.06 kg/min, taken from figure 8.10, produces a steady state
operating temperature of 1000 K for Zone 2.
The kiln thermal model is used in both open and closed loop to determine the energy
used to reach 1000 K for three start-up fuel schedules. The time-temperature
response of the kiln is shown in figure 8.11 for these three fuel schedules. The first
schedule, shown in black, is the open loop start-up kiln temperature step response.
The burner gas flow rate was set to a constant value of 0.06 kg/min flow rate and the
response of the kiln zone wall temperatures show an expected slow response with a
total of 8.1 kg used to reach 1000 K.

The second schedule, shown in green,

represents the results of a variable schedule developed by trial and error using the
model. The kiln temperature rise was divided into 100 K increments up to 800 K and
50 K increments above. The scheduled response was developed by stopping the
model at a temperature point and from that point the model was used to determine
which fuel flow rate brings the model to the next temperature point in the least
amount of fuel. The process was repeated a number of times, as it was discovered
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that the best fuel rate depends on the temperature and the fuel flow rate that got the
model to that temperature.
Step Response of Kiln For Two Start-up Schedules
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Figure 8.11. Temperature response of the kiln during start-up for three gas flow
schedules.
The gas flow rate was set low at low kiln temperatures and increased relative to
temperature, as the model showed that a larger gas flow was required to raise the
kiln temperature by equal increments at higher temperatures. The rise time of the
kiln temperature shown in red is approximately 500 seconds. The total gas used to
reach 1000 K is 1.555 kg.
The third curve, shown in red, is the response of the kiln temperature using full gas
flow to raise the temperature of the kiln as rapidly as possible. When the kiln
reaches 940 K, the gas burner is turned down to 0.06 kg/min, resulting in a response
lying within the 10 K tolerance range at 470 seconds. The rise time of the curve is
approximately 300 seconds. This response reaches the set point twice as fast as the
scheduled response. However, the total gas used to reach 1000 K, for this schedule,
is 1.585 kg.
Figure 8.12 shows the total gas utilized and the corresponding temperature reached
by the kiln for the fuel used. The three curves correspond to the fuel schedules
outlined in figure 8.11.
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Kiln Temperature Reached During Start-up For Gas Fuel Utilised
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Figure 8.12. Gas used during start-up to reach a kiln temperature of 1000 K.
The green curve represents the response with the least fuel used to reach 1000 K. It
can be seen from the black curve that the fuel used at low gas flow rates, can
produces a steep fuel-temperature gradient at temperatures up to 650 K. However, at
higher temperatures, the gradient decreases relative to the gradient at high gas flow
rates. The gradient of the red curve is nearly constant over the start-up temperature
range.
The most efficient fuel schedule uses a low flow, high temperature-fuel gradient
response at low temperatures and progressively transfers to a high flow, high
temperature-fuel gradient response at high temperatures. The temperature of the kiln
zones and the corresponding fuel schedules are shown in figure 8.13.

Each graph

set relates to the three fuel schedule used to produce figure 8.11 and figure 8.12.
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Kiln Zone Start-up Temperature Response For Maximum Gas Flow Schedule
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Kiln Zone Start-up Temperature Response for Open Loop Schedule
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Figure 8.13. Temperature response of the kiln for three start-up schedules (1000 K).
In figure 8.13, the dynamic temperature response of the three kiln zones are shown
on the left hand side graph, with the corresponding gas fuel schedule on the right
hand side graph. The temperature in Zone 2, shown in green, was used to measure
the fuel-temperature response of the kiln. Zone 1 temperature, shown in red, and
Zone 3, shown in blue, provide useful information into the total kiln temperature
dynamic. For the uppermost graph corresponding to a high gas flow, the three kiln
zone temperatures rise at similar rates, with the exit Zone 3 temperature lagging at
higher temperatures. This is due to the lower temperature of the gases in this zone,
having expended energy in the first two kiln zones as the combustion product gases
flow from the burner in Zone 1, through Zone 2 and into finally Zone 3.
The middle graphs of figure 8.13 correspond to the minimum fuel schedule. Zone 1
temperature shows a slow response at initial low gas flow, while the other zone
temperatures rise at identical rates. As the burner gas flow rate increases, the radiant
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energy released by the burner increases, and Zone 1 temperatures increase with
increasing combustion product temperatures. The extra energy absorbed by Zone 1,
is reflected by a decrease in energy absorption rate for Zone 3 between 5 and 12
minutes, and by Zone 2 to a lesser extent.
The bottom graph in figure 8.13 shows the open loop response curves for the kiln.
The dynamic response of the kiln temperature shows that Zone 2 and Zone 3 initially
rise at similar rates, while Zone 1 is slow to rise.

After two minutes, gas

temperatures within the kiln rise, and Zone 1 begins to absorb energy from the kiln
gases in Zone 1.

The energy absorbed by Zone 2 and Zone 3 decreases with

increasing temperature of Zone 1 and the rate of heating the total kiln reduces with
increasing kiln temperature. Though the temperature of Zone 2 reaches 600 K at 5
minutes, which is faster than the minimum fuel schedule response, by continuing to
operate the burner at a low flow rate, Zone 2 requires far more gas fuel over time to
reach steady state than for higher gas flow rates.
The results in figure 8.13 show that the dynamic response of the kiln during start-up
is a function of combustion gas flow. Using the model and a trial and error exercise
to determine an efficient fuel start-up schedule using the model took this non-linear
behaviour of the process into consideration. This exercise took approximately 40
hours to complete. Implementation of this start-up strategy is ideally suited to the
PLC control system and is easily explained to the operations team with the aid of
figures 8.11, figure 8.12, and figure 8.13.

8.3.5 Fuel Efficient Start-up at High Temperature (1370 K)
The normal operating temperature used for the kiln at present is 1370 K when
investigating new materials for processing.

The kiln is required to reach this

temperature within +/- 10 K in an energy efficient manner during the start-up period.
The open loop gas burner flow rate of 0.164 kg/min corresponds to a steady state
temperature of 1370 K. This investigation is a repeat of the procedure used to reach
1000 K in the section 8.3.4. Three sets of results are presented, corresponding to
three fuel schedules. The time-temperature response of the kiln wall temperatures
for these schedules is shown in figure 8.14. The first schedule, shown in black,
corresponds to the open loop temperature response, with a gas flow rate of 0.164
kg/min. The second response, shown in green, represents the minimum fuel schedule
response of the kiln, using an identical fuel schedule to the schedule used in section
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8.3.4.

The fastest response, shown in red, corresponds to operating the burner at

maximum flow.
Step Response of Kiln for Three Start-up Schedules for a Set Point of 1370 K
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Figure 8.14. Temperature response of the kiln during start-up for three gas flow
schedules for a set point of 1370 K.
A number of observations may be made about the results presented in figure 8.14.
The time taken for temperatures to reach steady state temperature for the fastest
response is 1700 s. This is a three-fold increase on the response time for the kiln
temperature response to reach steady state of 1000 K. For the present test, the kiln
temperature reaches 1000 K at approximately 500 s as before, but the subsequent
temperature rise over the next 500 s, is a 250 K rise, while over the final 700 s the
temperature rises by only 120 K. The total fuel used to reach steady state is 5.924 kg.
For the open loop response, the time taken to raise the kiln temperature from 1000 K
to 1250 K is 880 s. The total fuel used over this 880 s period at a flow rate of 0.164
kg/min (2.4 kg) is higher than the fuel consumed over 500 s at a gas flow rate of 0.21
kg/min (1.75 kg).

The obvious mode of operation for the kiln in this and the

subsequent intervals is to operate the burner at maximum at temperatures above
1000 K.

The total fuel used to reach steady state is 13.44 kg.

The green curve shown in figure 8.14 represents the minimum fuel schedule used in
the previous section to start-up the kiln to 1000 K. At 1000 K, this response shows
that the kiln temperature rises slower than the maximum and reaches steady state
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after 1800 s. The fuel consumption using this schedule is identical to the maximum
heat up response, but uses 0.09 kg less to reach steady state. This is shown in
figure 8.15 below, where the fuel usage of the minimum fuel schedule curve starts
low but increases with increasing temperature. The total fuel used is 5.778 kg.
Kiln Temperature Reached during Start-up for Gas Fuel Utilised
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Figure 8.15. Gas used during start-up to reach a kiln temperature of 1370 K.
The temperature of the three kiln zone temperatures for the three schedules is shown
in figure 8.15. The upper graph shows the temperature response of the kiln for a
maximum flow start-up schedule. When Zone 2 reaches 1370 K the burner is set to
a flow rate of 0.164 kg/min, shown in the right hand side graph. The middle graphs
show the temperature response for the minimum fuel schedule response, while the
lower graphs show the open loop temperature response of the kiln for a fixed burner
flow rate setting of 0.164 kg/min.
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Kiln Zone Start-up Temperature Response for Maximum Gas Flow Schedule
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Figure 8.16. Temperature response of the kiln for three start-up schedules (1370 K).
The rise of the open loop response in the lower graph shows that the kiln Zone 3
initially rises rapidly, but takes 85 minutes (not shown) to reach steady state.

By

comparison, the uppermost graph shows that at low temperatures, Zone 1 and Zone 2
temperatures rise faster than Zone 3. Above 1000 K, the temperature differential
between Zone 3 and the other two Zones is 200 K. As the burner heat transfer rate to
Zone 1 and Zone 2 decreases, due to radiant heat transfer decreasing, excess heat is
available in the kiln gas phase within Zone 1 and Zone 2 to heat the kiln walls of
Zone 3 as they pass through the kiln and out the exhaust.
A similar response occurs in the middle graph, but at a lower rate, due to the lower
gas flow rates used initially to heat the kiln. At the low flow rates, Zone 1 responds
slowly, but reaches steady state at an identical time.

207

The data presented in this section show that the best start-up schedule for the kiln
when the temperature set point is above 1000 K, is to operate the gas burner at
maximum flow, to transfer maximum energy to the kiln walls at high temperature.
This start-up procedure is easily implemented and is used at present to start-up the
kiln when operating the pilot plant kiln at 1370 K.

8.3.6 Start-up with Heat Rate Restrictions
The function of this simulation test is to examine the fuel usage and the dynamic
response of the kiln during start-up, when a heat-up rate is restricted.

This

restriction represents a reduction in the thermal expansion rate of the kiln, and is an
attempt by the kiln manufacturer to avoid any unnecessary thermal expansion
damage to the kiln, and prolong the life of the drum.
The proposed heat rate is defined as 10 K/min at temperatures above 750 K. The
present test only examines the dynamic response and the fuel used when bringing the
kiln up to 1370 K. The kiln temperature in Zone 2 is presented in figure 8.17.
Limited Temperature Heat-up Response of Zone 2
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Figure 8.17. Restricted start-up temperature response.
The fuel schedule is achieved using closed loop control. The kiln temperature is
controlled using a PID controller. The temperature schedule is used as the controller
set point. The fuel-temperature characteristic is shown in figure 8.18.
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Kiln Temperature Reached during Limited Heating Start-up for Gas Fuel Utilised
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Figure 8.18. Gas used during start-up to reach a kiln temperature of 1370 K with
restricted heat-up rate of 10 K/min above 750 K.
The results of this test show that the total fuel used to reach steady state temperature
of 1370 K is 10.3 kg of fuel. This represents an increase of 4.53 kg of fuel to reach
steady state temperature.

The function of this test is not to minimise the fuel

consumption subject to constraints, but to quantify the effects the heat-up rate has on
start-up. Any restriction on the heat-up rate of the kiln has a large effect on the fuel
utilisation of the pilot plant. The data provided on the change in fuel consumption
has to be considered by the operations team to assess the additional environmental
costs any operating restrictions have on the BAT indicators of the process.

8.3.7 Operating the kiln during Start-up
A fuel schedule used to heat the kiln up to operating temperature is suggested. The
function of the start-up schedule is to allow the operations team assess the fuel
consumption of the process and the time the process needs to get to operating
temperature. The dynamic response of the kiln temperatures also helps to explain
the heat transfer within the kiln during start-up, and the reasons the pilot plant
response is different, for different heating schedules.
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8.4 Closed Loop Control during Loading and Operating Phase
This section describes a set of tests conducted using the pilot plant kiln simulation
model operating using PID controller in the kiln loading phase and running mode.
The dynamic performance of the pilot plant is assessed using simulation and results
presented are used to develop an operating strategy for the pilot plant.

8.4.1 Closed Loop PID Control of the Pilot Plant Model
The pilot plant simulation model is used to determine the performance of the pilot
plant under PID control during the kiln loading phase and running mode. These
simulation tests are used to measure plant performance when both kiln temperature
and pellet residence time is controlled using two digital PID controllers.

The

simulation model used is shown in figure 8.19.
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Figure 8.19. Simulink implementation of the pilot plant simulation model operating
under closed loop control.
Two PID controllers are added to the pilot plant simulation model. The first PID
block is used to regulate the kiln drum wall temperature in Zone 1. The feedback
signal is taken from the kiln thermal model block. The manipulated variable for the
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temperature control loop is the gas fuel flow to the kiln burner. As the burner is
operated at stoichiometric conditions, the combustion airflow is also proportional to
the gas fuel flow.
The second PID controller block is used to control the residence time of the pellets
discharging from the kiln. The feedback signal for this controller is taken from the
pellet model block.

The controller manipulated variable regulates the pellet

residence time using the kiln drum motor speed signal. The residence time control
block generates a desired residence time output signal, and combines this signal and
the pellet inlet flow rate, to calculate a corresponding kiln speed signal using the
pellet performance map, as described in chapter 6.
Each of the PID blocks was developed from first principles using the positional
implementation of the PID digital algorithm. A list of the code used along with the
configuration pop-up menu is listed in appendix A4. The PID block allows hard
limiting of the output signal for both an upper and lower bound. The integrator also
has an anti-windup facility to halt the controller output if the limits are reached.
Each block has a pop-up menu associated with customizing the PID block, allowing
the three controller terms to be set, as well as the sampling interval and controller
output signal range. A sampling time of 1 minute is used in the current tests.
Both PID controllers were tuned using the kiln model [Atherton and Zhuang 1993].
The process reaction curve method of tuning is used and both controller parameters
are tuned so that the system response has a quarter decay ratio.
Ten simulation tests were conducted using the model. The first three tests examine
the response of the kiln during the loading phase of production, over a range of
pellet feed-rates. Results generated from these tests were used in the fourth test to
develop a loading strategy for the pilot plant to improve the fuel-pellet weight ratio
and pellet wastage during the pilot plant loading and running phase. The fifth test
examines the performance improvement of the pilot plant by pre-heating the pellets
prior to entering in the kiln. This test measures the relative improvement in fuelpellet weight ratio by reducing the thermal disturbance to the kiln. The remaining
five tests examine the performance of the pilot plant during the loading and
operating phase, under set point and load disturbance control.
The closed loop block diagram of the control system is shown in figure 8.20.
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Figure 8.20. Temperature and residence time closed loop control block diagram.
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8.4.2 Kiln Operating at 1330K with a Pellet Feed-Rate of 1.2 kg/min
This experiment is used to help in understanding the relationship between the kiln
dynamic behaviour during the loading phase when operating with a large pellet feedrate. The thermal response of the kiln operating with closed loop control measures
the response times of the kiln, the fuel usage and the pellet wastage during the
loading phase. The temperature set point is 1330 K. The pellet residence time set
point is set to 20 minutes. A pre-loading temperature of 1380 K in Zone1 is used to
offset the thermal disturbance of loading the kiln. A higher initial temperature
reduces the magnitude of the thermal disturbance and reduces the time the kiln takes
to get to steady state operating temperature.
The simulation experiment ran for 90 minutes with the gas burner operated at
stoichiometric conditions throughout. At the beginning of the experiment, the pellet
feed-rate is set to 1.2 kg/min. The kiln temperature controller and residence time
controller are used to return the kiln to steady state conditions. The kiln temperature
is controlled by the burner while the residence time is controlled using kiln drum
speed.
Three sets of results are presented in figure 8.21 relating to the temperature control
loop. The top graph in figure 8.21 represents the temperature response of the kiln
walls during the loading and operating phase of the kiln. The middle graph shows
the temperature response of the kiln materials bed as it fills and discharges from the
kiln. The gas fuel flow is shown in the lower graph of figure 8.21. At the start of the
simulation, the pellet inlet feed-rate is set to 1.2 kg/min. This acted as a temperature
disturbance to the empty kiln, and the kiln thermal model and the kiln thermal
controller responds accordingly. Within ten minutes, the kiln temperatures dropped
by between 120 K in Zone 3 and by 80 K in Zone 1 and Zone 2. The controller
steadily increased the burner gas fuel flow to compensate for the falling kiln
temperature, in Zone 1. After 12 minutes, kiln wall temperatures started to recover
and reached 1320 K after 34 minutes. Temperatures within the kiln remained within
the acceptable tolerance of +/- 10 K, for the remainder of the test, as the kiln
stabilised and gas fuel flow reduced.
Three sets of graphs in figure 8.22 relate to the control of the residence time of the
pellet bed.
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Figure 8.21. Temperature control loop performance for a feed-rate of 1.2 kg/min.
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Figure 8.22. Residence time controller performance for a feed-rate of 1.2 kg/min.
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The residence time of the pellet discharging the kiln is shown in the upper graph of
figure 8.22. The controller output speed signal is shown in the middle graph, while
the bottom graph shows the discharge flow of pellets out of the kiln. These three
graphs show the variation of the kiln pellet system during loading as the residence
time controller tried to bring the residence time to 20 minutes.
The increase in pellet bed acted as a loading to the kiln temperature control loop. No
pellets discharge the kiln during the initial 7.5 minutes. Throughout the initial
20 minutes, the residence time loop sets the kiln speed to a minimum, to try to
increase residence time. The mean residence time of the initial pellets exiting the
kiln was of the order of 8 minutes. These pellets were not exposed to the correct
time-temperature processing conditions to form quality aggregate and are considered
to be wasted pellets. Ideal conditions for producing pellets were reached after 33
minutes.
The temperature of Zone 1 reaches the 1330 K set point after 50 minutes. The
production of the pellets continued until 90 minutes when steady state conditions
were reached. The total amount of pellets processed by the kiln is summarised in
table 8.2.

Results show that the kiln consumes 6.829 kg of fuel and 15.69 kg of

under treated pellets discharge the kiln, during the loading phase.

During the

running phase, the fuel-pellet ratio drops to 0.2197 kg/kg and falls further to
0.165 kg/kg at steady state conditions.
LoadingPhase
(0-33 mins.)

Running Phase
(33-90 mins.)

Steady State
(90 + mins.)

Zone 1 Temperature (K)

< 1320

1320 ≤ T1 ≤ 1340

1330

Residence Time (mins.)

< 20

20

20

Fuel Used (kg)

6.829

11.82

19.8

Pellets Processed (kg)

15.6907

69.2

120

Fuel-Pellet Ratio (kg/kg)

0.4353

0.2197

0.165

Table 8.2. Summary of results for kiln operating at 1330 K for an inlet feed rate of
1.2 kg/min. during the loading and running phase of operation.

8.4.3 Kiln Operating at 1330K with a Pellet Feed-Rate of 1.0 kg/min
This simulation experiment is used to measure the relative change in performance of
the pilot plant at a lower pellet throughput during the loading and operation phase.
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Test conditions are identical to the previous test, but the pellet throughput is reduced
to 1.0 kg/min.

The function of this simulation is to quantify the change in

performance of the pilot plant at a lower throughput.

Temperature results are

presented in figure 8.23 and residence time results are presented in figure 8.24. The
temperature of the kiln wall in Zone 2 is 1380 K, at the beginning of the experiment.
Once the kiln starts to load with pellets at a feed-rate of 1 kg/min, kiln wall
temperatures start to fall and the kiln temperature controller corrected the
temperature by increasing the gas fuel flow.

Due to the reduced feed-rate, the

temperatures drop is less intense than in the previous test, and as a result,
temperature recovery was faster, reaching 1320 K after 32 only minutes.
During the initial 22 minutes of the experiment, the residence time control loop sets
the kiln speed to a minimum, to try to increase residence time. The residence time
controller response can be seen in figure 8.24. The pellet outlet flow dead time is
8.5 minutes for this test. This is an increase of 0.5 minute compared to the previous
test. The mean residence time of the initial pellets exiting the kiln was of the order
of 9 minutes.

These pellets were not exposed to the correct time-temperature

processing conditions to form quality aggregate. Ideal conditions for producing
pellets were reached at time of 27 minutes after the loading phase starts. The
temperature of Zone 1 reached the 1330 K set point after 50 minutes. The test
finished after 90 minutes.
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Figure 8.23. Temperature control loop performance for a feed-rate of 1.0 kg/min.
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Figure 8.24. Residence time controller performance for a feed-rate of 1.0 kg/min.
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Results for the pellets processed in the kiln in this test is summarised in table 8.3.
The quantity of fuel used to return the kiln wall temperature to 1320 K is lower for
this test. This is attributed to the lower pellet feed-rate, and as the kiln reaches
operating temperature, the quantity of pellets processed in the kiln up to this point is
less.

During the running phase the fuel-pellet ratio is an improvement of 0.0197

kg/kg on the previous experiment but the steady state fuel-pellet ratio increase of
0.025 kg/kg makes operating the kiln at a lower feed-rate less attractive. It may be
concluded from the results presented, that the kiln should be loaded at a low pellet
feed-rate and operated at a high feed-rate, at steady state.
LoadingPhase
(0-33 mins.)

Running Phase
(33-90 mins.)

Steady State
(90 + mins.)

Zone 1 Temperature (K)

< 1320

1320 ≤ T ≤ 1340

1330

Residence Time (mins.)

< 20.5

20

20

Fuel Used (kg)

5.5

12.62

19

Pellets Processed (kg)

6.98

63.06

100

0.7879

0.2

0.19

Fuel-Pellet Ratio (kg/kg)

Table 8.3. Summary of results for kiln operating at 1330 K for an inlet feed rate of
1.0 kg/min. during the loading and running phase of operation.

8.4.4 Kiln Operating at 1330K with a Pellet Feed-Rate of 0.8 kg/min
This simulation run was made using the kiln model at an identical operating
temperature as both previous experiments, but the pellet inlet feed-rate set point is
reduced to 0.8 kg/min. The kiln temperatures and residence time set points are
unchanged, but the pellet residence time of 20 minutes is not possible for this pellet
feed-rate. The function of this simulation is to determine the change in performance
of the pilot plant at a lower throughput, and higher residence time. The residence
time of pellets in the kiln has a lower threshold, and pellets processed for periods
less than this level, are weaker. However, pellets that reside longer in the kiln then
the required processing time, have identical strength characteristics to those
processed under normal conditions. The disadvantages occur when the pellets reside
in the kiln for too long and start to stick together if the kiln is at operating
temperature. During the loading phase these over exposure conditions don’t occur.
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The simulation experiment also runs for 90 minutes at stoichiometric conditions.
Three sets of results are presented in figure 8.25 relating to the temperature control
loop while a further three set of graphs are presented in figure 8.26 relating to the
residence time control loop.
During the initial 18 minutes, the residence time loop set the kiln speed to a
minimum, to try to increase the residence time of the kiln. The pellet outlet flow
dead time was 10 minutes. The relative increase in dead time and reduction in the
period to return the kiln to 1320 K, are a direct result of the reduced pellet feed-rate.
The mean residence time of the initial pellets exiting the kiln was of the order of
11 minutes. Ideal conditions for producing pellets were reached at time of
23 minutes after the loading phase starts. The temperature of Zone 1 reached the
1330 K set point after 32 minutes.
The production of the pellets continued until 90 minutes was reached and steady
state conditions prevail. The loading phase saw a further reduction in gas and pellets
processed during the loading phase. During the running phase, the fuel-pellet ratio
was the highest of all three experiments. This is due to the low pellet feed-rate and
this is further highlighted by the high steady state fuel-pellet ratio of 0.228 kg/kg.
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Figure 8.25. Temperature control loop performance for a feed-rate of 0.8 kg/min.
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Figure 8.26. Residence time controller performance for a feed-rate of 0.8 kg/min.
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The total amount of pellets processed by the kiln is shown in table 8.4.
LoadingPhase
(0-33 mins.)

Running Phase
(33-90 mins.)

Steady State
(90 + mins.)

Zone 1 Temperature (K)

< 1320

1320 ≤ T ≤ 1340

1330

Residence Time (mins.)

≤ 23

23

23

Fuel Used (kg)

4.44

13.07

14.93

Pellets Processed (kg)

1.7

53.52

65.5

2.611

0.2443

0.228

Fuel-Pellet Ratio (kg/kg)

Table 8.4. Summary of results for kiln operating at 1330 K for an inlet feed rate of
0.8 kg/min. during the loading and running phase of operation.
It can be concluded from these results that the kiln generates the least pellet wastage
at a low pellet feed-rates during the loading phase. However, in the running mode
and at steady state conditions, a fuel-pellet ratio of 0.2443 kg/kg and 0.228 kg/kg,
respectively, is unattractive. This coupled with a residence time of 22 minutes
means that the kiln will never realistically be operated at a low throughput for
extended periods.

8.4.5 Selecting a Kiln Loading Strategy to Improve Kiln Efficiency
This section describes how a kiln loading strategy was developed using the kiln
model. Results presented in the previous three sections show that the kiln has the
best fuel-pellet weight ratio when operating at 1.2 kg/min.

However, the best

efficiency during the loading phase is achieved when operated at low pellet feedrates. Loading the kiln at a high pellet feed-rate causes the kiln to waste 15.6 kg of
pellets and use 6.829 kg of fuel. However, at steady state the kiln operates at the
highest fuel-pellet ratio of 0.165 kg/kg. At the lower feed-rate of 0.8 kg/min, the
temperature recovery of the kiln is faster resulting in a loss of only 1.7 kg of pellets
and a fuel usage of 4.44 kg. The current simulation experiment investigates a way of
reducing the pellet wastage during loading, while maintaining a low steady state
fuel-pellet ratio. The simulation model is operated at a low initial feed-rate at the
beginning of the loading phase and the pellet feed-rate is increased to a high feedrate by the end of the loading phase. The objective of this experiment is to try to
reduce the wastage and energy consumption of the pilot plant during the loading
phase.
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The kiln start-up pellet feed-rate strategy used is as follows. The kiln was initially
loaded at 0.8 kg/min, and once the residence time of the discharging pellets reached
20 minutes and the kiln Zone 1 temperature reached 1330 K, the pellet inlet feed-rate
was ramped from 0.8 kg/min up to 1.2 kg/min. Results are presented in figure 8.27,
showing the relative performance of Zone 1 wall temperature for all four tests. Kiln
wall temperatures are identical initially.
Zone 1 Kiln Wall Temperature During Loading Phase
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Figure 8.27. Comparison of the kiln wall temperatures in Zone 1 for different pellet
loading rates during the loading phase of operation of the pilot plant kiln.
The gas fuel flow is shown in figure 8.28, for each of the four tests, test 1, test 2, test
3, and this test, test 4.
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Figure 8.28. Gas fuel schedule for four pellet feed-rates.
The pellet outlet discharge for the four tests are shown in figure 8.29.
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Figure 8.29. Pellet discharge of the kiln for four pellet feed-rate schedules.
The initial fuel usage for this test, shown in green in figure 8.28, is identical to that
of test 3, but as the pellet feed-rate is scheduled from low to high flow, the fuel flow
curve increases in a similar fashion to the high pellet feed-rate curve. The pellet
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outlet flow is identical between test 3 and test 4, up until the ramp schedule starts.
The pellet feed-rate change causes a disturbance to the residence time control loop
and it responds by increasing the kiln drum speed, to decrease the kiln bed weight
shown in figure 8.29. The resulting pellet follow increases until the residence time
controller reduces the drum speed, as the kiln bed discharge increases with
increasing bed weight. At 63 minutes, the kiln bed reaches steady state.
The green curve shows the discharge of the kiln as the residence time controller tries
to maintain the pellet residence time at 20 minutes. At 20 minutes into the loading
phase, the kiln pellet inlet is ramped from 0.8 kg/min to 1.2 kg/min over 40 minutes.
The residence time controller sets the kiln drum speed to its minimum of 1.5 rpm.
At the 20-minute marker, the pellets discharging the kiln have resided in the kiln for
20 minutes. The residence time starts to overshoot due to a combination of the
ramping of the inlet pellet feed-rate and the pellets being in the kiln too long. The
residence time controller responds by increasing the kiln drum speed rapidly, which
manifests itself as a ramp in the pellet discharge flow. At the 35-minute mark, the
residence time reaches the peak of its overshoot at a level of 20.5 minutes and the
residence time decreases the kiln drum speed to restore residence time to 20 minutes.
The increasing inlet pellet feed-rate causes the residence time of the pellets to
increase. The residence time controller responds to this input ramp by increasing the
drum speed. Kiln drum speed changes cause the pellet discharge to increase until
steady state conditions are achieved at 65 minutes. At this point the pellet inlet feedrate and pellet discharge are equal and the system reaches steady state.
The kiln reaches operating temperature after 22 minutes. As the residence time is
maintained at 20 minutes, pellets produced have been processed correctly. The total
fuel used, fuel-pellet ratio and pellet usage is summarised in table 8.5.
LoadingPhase
(0-33 mins.)

Running Phase
(33-90 mins.)

Steady State
(90 + mins.)

Zone 1 Temperature (K)

< 1320

1320 ≤ T ≤ 1340

1330

Residence Time (mins.)

< 22

20

20

Fuel Used (kg)

4.44

14.256

19.8

Pellets Processed (kg)

1.7

70.7

120

2.611

0.2016

0.165

Fuel-Pellet Ratio (kg/kg)

Table 8.5. Results for kiln operating at 1330 K for a scheduled feed rate.
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Results presented in table 8.5 above show that the fuel usage and pellet loss is low
during the loading of the kiln. During the running phase, the fuel-pellet weight ratio
is comparable to when the flow was 1.0 kg/min, while the steady state ratio is
identical to the steady state conditions when the flow rate was 1.2 kg/min. It can be
concluded that the best strategy for operating the kiln during the loading phase is to
slowly load the kiln during the loading phase; steadily increasing the pellet
throughput improves the steady state pellet-fuel ratio while reducing the fuel and
pellet wastage.

8.4.6 Pre-Heating the Pellets
One way to improve the efficiency of the pilot plant would be to pre-heat the pellets
entering the kiln using waste heat generated by energy recovered from the exhaust
gases. The investigation presented here is a theoretical examination of the benefits
of pre-heating the pellets prior to entering the kiln. This is not possible with the pilot
plant in its current configuration as the cost of building this system is beyond the
present budget of the operations team. However, results presented in this section
show the relative merits of operating the kiln with pellets preheated and quantify the
relative merits of using pre-heating.
In this experiment, the pellets are preheated to a temperature of 500 K. The kiln is
operated in an identical fashion to the scheduled flow outlined in section 8.5.5. The
temperature response and fuel consumption are shown in figure 8.30 and figure 8.31.
Though the pellets are 200 K higher in temperature when entering the kiln, this
temperature only appears as an increase of 17 K in Zone 3. The thermal response
times of kiln is unchanged, but the temperature drop is less significant in Zone 1. The
net benefit of pre-heating the pellets is apparent by the reduction in fuel consumption
shown in figure 8.31.

Table 8.6 shows the relative savings in fuel between each

experiment. Net reductions in the fuel-pellet ratio of 0.0075 kg/kg may be obtained
for a 200 K preheat of the pellet entering the kiln.
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Figure 8.30. Comparison of the kiln wall temperatures for normal operation and
with pellet pre-heating.
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Figure 8.31. Fuel consumption comparison for normal operation and with pellet
pre-heating.
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Steady State

Steady State with Pre-Heat

Zone 1 Temperature (K)

1330

1330

Residence Time (mins.)

20

20

Fuel Used (kg)

19.8

18.9

Pellets Processed (kg)

120

120

0.165

0.1575

Fuel-Pellet Ratio (kg/kg)

Table 8.6. Comparison of the performance of the kiln using pellet pre-heat and
normal operation.
Results in this experiment show that the integration of a pellet preheating system on
the pilot plant reduces the fuel-pellet ratio from 0.165 kg/kg to 0.1575 kg/kg, for a
200 K temperature increase in the temperature of the pellets entering the kiln.

8.5 Closed Loop Control during Normal Running Mode
The pilot plant kiln operates in the normal running mode once the kiln loading phase
is complete. The operations team have four operating requirements for the kiln
during this phase. These are:
1. Kiln temperature may be changed to allow an investigation of pellets
produced in the kiln at a range of temperatures for a fixed residence time.
2. Investigate the quality variation of pellets with residence time at a constant
temperature.
3. The kiln temperature and residence time is maintained for various pellet feedrates. This allows the operations team to conduct tests for various total runs
of pellets. This requirement means that if a material is in short supply, less
pellets may be processed, but the time and temperature conditions are
unaffected.
4. During running mode, a total change in the type of pellet processed is
possible. The introduction of the new pellet may require a different residence
time and operating temperature.
The following sections describe the results of a set of tests that show behaviour the
pilot plant when subjected to each of the above user operating requirements.
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8.5.1 Kiln Temperature Set Point Control
The temperature of the kiln in Zone 1 is used as the feedback signal in the
temperature control loop. A change in the operating temperature of the kiln may be
required when pellet testing experiments investigating the effects the steady state
temperature has on pellet quality is under investigation. These experiments may be
conducted in one of two ways. The first way is to run two completely separate tests,
and measure the fuel consumption of the process. A second approach would be to
run the kiln at the first temperature and transfer to the second temperature. The
quantity of pellets wasted and the fuel consumption may then be assessed to
determine which approach is best suited to this kiln.
In this test, the kiln temperature set point is stepwise changed from 1270 K to
1330 K, to determine the dynamic temperature response of the loaded kiln operating
at a residence time of 20 minutes, for a pellet feed-rate of 1.2 kg/min.

The

temperature response of the kiln walls and the kiln bed, corresponding to the change
in gas fuel flow is shown in figure 8.32. At the beginning of the experiment, the
temperature controller sets the gas fuel flow to a maximum, shown in the bottom
graph of figure 8.32. The kiln walls take 23 minutes to reach set point at which stage
the fuel flow is steadily reduced as kiln temperatures stabilise at the new set point.
The recovery time of the kiln to reach steady state is 23 minutes has an effect on the
materials processed in this time period. This constitutes a material throughput of 27
kg of pellets wasted for a fuel consumption of 4.4 kg.
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Figure 8.32. Dynamic set-point change response of the kiln temperature controller.
The alternative to this mode of operation is to operate the kiln from the end of the
start-up phase, which has an associated fuel consumption of 14.256 kg and pellet
wastage of 1.7 kg. The choice facing the operations team will depend on a trade off
between the pellets and the fuel costs. The 27 kg of pellets processed in the
intervening 23 minutes could be considered to be of similar quality of the pellets
produced prior to the temperature set point change. This would then reduce the
materials loss considerably, and the associated fuel required to reach the new steady
state operating temperature.

8.5.2

Pellet Feed-Rate Disturbance Control

This simulation test is used to determine the performance of the pilot plant controller
in maintaining kiln temperatures and mean residence time, in the presence of a pellet
feed-rate reduction from 1.2 kg/min to 1.0 kg/min.
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This change in pellet is a

disturbance to both the temperature control loop and the residence time control loop.
The step change in pellet inlet feed-rate results in an increase in temperature in the
kiln as the quantity of cold pellets entering the kiln decreases.

The dynamic

response of the kiln is shown in figure 8.33. Six graphs are presented showing kiln
wall temperature, residence time, pellet flow, kiln drum speed, fuel flow and kiln bed
weight over a 60 minute interval.
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Figure 8.33. Response of both kiln temperature and residence time controllers to a
step reduction in pellet inlet feed-rate.
The following events occur during the once the inlet feed-rate stepwise changes. The
kiln temperature in Zone 1 rises due to the decrease in pellet feed-rate.

The

residence time controller corrects the residence time of the pellets discharging the
kiln by increasing the kiln drum speed as the kiln bed decreases. However, the
discharge pellet outflow remains at an average of 1.2 kg/min for 20 minutes, until the
kiln bed reduces sufficiently to allow the pellets that were in the kiln to reside for
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20 minutes, though the inlet feed-rate has reduced to 1.0 kg/min. The oscillations in
the discharge flow during this interval are due to the incremental adjustment of kiln
drum speed by the residence time controller. When the kiln bed weight reaches
20 kg, a residence time of 20 minutes is achieved for the subsequent pellets
discharging from the kiln.
This experiment is repeated for a positive step change in pellet inlet feed-rate.
Results shown in figure 8.34 below show that the kiln can also be controlled in a
similar fashion for both increasing and decreasing set point step changes.
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Figure 8.34. Response of both kiln temperature and residence time controllers to a
positive step change in pellet feed rate.
The residence time controller increases the kiln drum speed to maintain the residence
time of the pellets discharging at 20 minutes. As the kiln bed weight increases as the
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kiln wall temperature in Zone 1 decreases. The residence time loop decreases the
kiln speed until a kiln bed weight of 24 kg is reached at 20 minutes. At this point,
the residence time rises by increasing the drum speed until the residence time returns
to 20 minutes. The residence time controller achieves this by increasing the outlet
flow to 1.2 kg/min at 20 minutes. The discharge rate is maintained at 1.2 kg/min to
control the residence time at 20 minutes.
The controller shows the ability to control both temperature and residence time in the
presence of a pellet feed-rate change disturbance. Kiln temperatures remain within
10 K of the temperature set point while the residence time is within 0.5 % of the
20 minute set point.
The PID control of the kiln using two control loops shows that the kiln temperatures
and residence time can be maintained in the presence of a pellet feed-rate change.
This allows the operations team change their testing conditions during the running
mode with little direct effect on the quality of aggregate produced.

8.5.3

Residence Time Set Point Control

This simulation test is used to determine the performance of the pilot plant controller
in maintaining kiln temperatures in the presence of a residence time set point change
from 20 to 22 minutes. The effect this change has on the temperature control loop
and the residence time control loop is examined. The dynamic response of the kiln is
shown in figure 8.35. Six graphs are presented showing kiln wall temperature,
residence time, pellet flow, kiln drum speed, fuel flow and kiln bed weight over a
30 minute interval.
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Figure 8.35. Response of both kiln temperature and residence time controllers to a
positive step change in residence time.
The residence time controller tries to increase the residence time of the pellets
discharging the kiln from 20 minutes to 22 minutes by slowing the kiln drum speed
down to a minimum. This has a direct effect on the discharge flow rate, which
dropped to a minimum, and the kiln bed weight starts to increase. This had the
effect of rising the residence time of the pellets in the kiln. After 4 minutes, the kiln
bed weight exceeded 26.5 kg, at which time the residence time of the pellets
overshot the 22 minute set point.

The residence time controller responded by

increasing the kiln drum speed, and the discharge flow of the kiln pellets increased.
The temperature disturbance to the kiln is of the order of 5 K at this point and
recovered within

10 minutes to its correct set point value. The gas fuel flow

variation was small over the complete test, starting and returning to the same setting
within 5 minutes.
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The residence time controller brought the pellet residence time to 22.2 minutes
within 10 minutes and to steady state within 17 minutes.
A change in user set point for the residence time control loop reaches and overshoots
the set point within 4 minutes. The quantity of pellets processed in this interval is
2.4 kg of pellets. These pellets can however be considered to be part of the end of
the batch processed up until the set point change was made, and as such are not
wasted pellets.
A change in residence time of the pellets can be achieved within 4 minutes as
demonstrated in figure 8.35. The coupling between the residence control loop and
the temperature loop is low and changing residence time set point can easily be
implemented using PID control.

8.5.4

Residence Time and Temperature Set Point Control

During the operation phase of the kiln, a second batch of pellets may be processed in
the kiln. The operational problem is to decide whether it is better to restart the kiln
or to change material while operating. One of the drawbacks to starting the kiln
again is the fuel consumption required to reheat the kiln. The kiln doesn’t empty
easily, and the present procedure is to stop the kiln and empty it manually. The kiln
must be cold in order to do this. The present practice is slow, and energy inefficient.
This simulation experiment examines the feasibility of changing materials in the
operating mode, to determine the wastage of pellets and energy consumption of the
kiln. The kiln temperature is changed from 1330 K to 1270 K, while the residence
time control set point is also reduced from 22 minutes to 20 minutes. The pellet
feed-rate is maintained at 1.2 kg/min.

The response of the kiln is shown in

figure 8.36.
The kiln temperature controller and residence time controller both responded
instantly to their respective set point changes, which occurred after the first minute.
Kiln temperatures dropped as the temperature controller reduces the gas fuel to the
burner.

The kiln drum speed increased to a maximum as the residence time

controller tries to reduce the kiln bed.
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Figure 8.36. Response of both kiln temperature and residence time controllers to a
positive step change in pellet feed rate and a positive step change in residence time.
After six minutes, the temperature controller error signal was negative, and the
control signal increased gas flow to the burner. The temperature never dropped
below 10 K of the new set point. The temperature in Zone 1 reached steady state
after 19 minutes, though it lies within the +/- 10 K tolerance after 4 minutes.
The residence time controller brings the residence time down to 20 minutes within
3 minutes, and adjusted the kiln drum speed to hold the residence time within 12 s.
The total wastage of pellets is 4.7 kg, during the transient change between set points.
This shows that the kiln can be controlled easily when a reduction in operation
temperature and residence time is needed. However, if multiple batches were to be
processed in the kiln, the recommendation would be to operate the kiln at the higher
temperatures first, and reduce through the range of pellets based on temperature, and
then residence time.
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8.6 Conclusions
This chapter demonstrates how the pilot plant kiln simulation model has been used to
quantify the operational range of the pilot plant kiln. A number of performance
graphs and maps have been developed using the model. Using the maps and graphs
developed in this chapter, the operations team can determine the operating set points
of the pilot plant controllers that correspond to the desired steady state output
operating conditions of the kiln. It may be concluded that realistic steady state
operation of the kiln pilot plant can be achieved using the maps and graphs
developed in this chapter. This chapter has also been used to develop an operating
strategy for the pilot plant kiln when operating under closed loop control. The model
has been used to generate data for assessing the performance of the pilot plant during
the loading and operating phase. A set of ten tests was presented to show how the
pilot plant performs under set point and disturbance control. It can be concluded
from these tests that the kiln should be operated as follows.
1. A start-up strategy for the kiln should be based on a careful analysis of the
effects the operating constraints have on fuel consumption.

The

environmental burden can be reduced by selecting a start-up strategy
developed in this chapter. Should the constraints change, the simulation
model can then be employed to determine the best strategy to use.
2. The kiln should be loaded at a low pellet feed-rate and transferred to high
pellet feed-rate at the end of the loading phase, to minimise fuel and pellet
wastage, and to decrease the fuel-pellet weight ratio at steady state.
3. When operating multiple pellet batches in the kiln, the batch with the highest
temperature should be processed first.
4. The kiln should be operated at as low a temperature as possible to reduce the
fuel-pellet weight ratio.
5. Preheating the pellets using waste heat recovery decreases the fuel-pellet
ratio. The degree of energy savings can be found using the pilot plant
simulation model.
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Chapter 9 Conclusions and Further Work
9.0 Introduction
This thesis has at the top level addressed the problem of how to use a combination of
pilot plant design together with the development of a model of the plant and the
implementation of automation and control of the plant to provide a comprehensive
test environment for the study of a novel rotary kiln from a range of perspectives.
The target users for the systems developed during the investigation reported in this
thesis are:
1. Waste derived synthetic aggregate researchers.
2. LCA/BAT analysts.
3. Full-scale plant designers.
4. Control system designers.
The aggregate researchers can use the pilot plant to test time-temperature recipes for
a range of pellet types and waste materials. The relationship between the aggregate
quality and the processing conditions can be correlated using the data acquisition
system. The pilot plant model can be used to develop time-temperature recipe
operating set points and measure the performance of the process prior to testing.
The LCA/BAT analysts can use the pilot plant and simulation model to assess the
environmental burden associated with operating the plant.

BAT indicator data

including waste processed, energy utilisation and environmental burden can be
investigated to assess viability of the pilot plant as a waste treatment route. This
allows modifications to the process identified to implement best available techniques
in producing aggregate.
The full-scale plant designers can use the pilot plant and simulation model to
determine system modifications and improvements to the pilot plant that will be of
benefit to a full-scale version process at a fraction of the cost of conducting this work
at the commissioning stage of full-scale plant development.
The control system designers can use the pilot plant and simulation model to
develop, optimise and test controller strategies that could improve the performance
of the pilot plant. The relative improvement in performance can be measured using
the baseline closed loop control performance data generated in chapter 8.
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This conclusion chapter addresses the problems solved in this thesis, the findings of
this thesis and identifies the possible uses of the pilot plant and simulation model for
the target users of the system.

9.1 Modelling Problems Solved in this Thesis
The problems solved in this thesis related directly to the development of the kiln
simulation model. The kiln model is made up of three disparate sub-models that
each require their own specific modelling approach but must be compatible to allow
both system design and control design when integrated together in the complete pilot
plant model. Six major problems were identified and solved in order to develop a
valid simulation model of the pilot plant kiln.
1.

Hottel Zone Method parameterisation of the trefoil kiln shape. The Hottel

Zone Method was used to model radiant heat transfer within the kiln as this
modelling approach allows radiant heat transfer to be expressed as a set of fourth
order temperature difference equation.

These equations can be combined with

conductive and convective equations and used in energy balance differential
equations that can be solved for temperature. The view factor parameters used in this
radiant heat transfer modelling equations had to be calculated for the 43 zones within
the kiln. The trefoil shape of the kiln interior walls is made up of three concave
‘lobes’ and three convex ‘cusps’. A view factor integral equation had to be derived
for each surface and gas zone shape within the kiln enclosure using geometrical
observations about the kiln interior. The resulting integral equations are double
surface and double volume integrals. The solution of these view factor integral
equations is further complicated by the presence of multiple singularities in the
integral equation when zones have common boundaries. This problem was resolved
by developing a set of numerical integrator solutions specific to the trefoil kiln view
factor integral equations based on numerical quadrature techniques that avoid
singularity points.
2.

Development of a multi-zone heat transfer model. The application of the

Hottel Zone Method to the kiln enclosure divides the kiln into zones. The kiln
enclosure was successfully divided into zones and the differential equations for each
of the kiln zones was developed to account for the three heat transfer mechanisms,
the movement of combustion gases travelling through the kiln and the movement of
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the pellet bed. The physical laws of conservation of energy are applied to the kiln
enclosure as a set of differential equations that are solved using simulation.
3.

Implementation of combustion model with dissociation in Matlab.

The

source of heat generated in the kiln emanates from the kiln burner. The operating
conditions of both combustion gas and air when reacting in the burner produce heat.
The kiln burner model calculates the heat generated by combustion, the emissions
gases produced and the temperature of the flame gases that enter the kiln. The nonlinear variation of heat, temperature and emissions is implemented in Matlab. The
gas burner model solves a set of eleven non-linear polynomials to determine the
reaction temperature and emissions produced by the kiln burner.
4.

Integration of the gas combustion model with the kiln thermal model.

Connecting the gas combustion model and the kiln thermal model together required
that the kiln thermal model have a feature to distribute the effects of the flame gases
as they flow from the kiln burner, through the kiln and out the exhaust. The internal
gas flow pattern for the kiln drum had to be found to distribute heat to the walls by
convection and the heat losses modelled in terms of the mass flow rate of exhaust
gases.
5.

Development of pellet transportation model.

The movement of pellet

materials from inlet to outlet of the kiln defines the kiln bed size and the temperature
disturbance to the kiln thermal model. This problem was solved in two ways. First,
a dynamic bed model to account for the variation of kiln bed with kiln speed and
pellet feed-rate had to be developed using the cold kiln and pilot plant. The effect
the kiln trefoil shape has on the movement of materials through the kiln defined the
dynamic bed weight and the variation of discharge of pellets against bed weight.
The second part of the model was developed to model the thermal energy transfer to
the kiln bed from the kiln enclosure. The kiln bed surface area and weight are
determined and the heat exchange between the kiln and bed is calculated.
6.

Integration of the three disparate models to provide a first principles kiln

model. The three sub-models of the kiln simulation model were designed with the
specific purpose of being standalone models for sub-systems testing and for
integration in the full pilot plant model.

The initial planning stages of model

development clearly defined the purpose of each sub-model at the outset of the
project using the guidelines defined in chapter three. This exercise identified the
parameters associated with each sub-model, the common variables between sub239

models and the passing of variables between blocks to replicate for the behaviour of
heat generated by the burner, heat transfer from the burner to the kiln walls and
gases and heat transfer from the kiln gases and walls to the kiln bed.

9.2 Findings of this Thesis
The application of the pilot plant model and the implications of the results of
experimental testing of the model are presented here to summarise the findings of
this thesis.
1. The heat transfer from the kiln burner to the gas phase and walls of the trefoil
kiln – Radiant heat transfer accounts for up to 90 % of the heat transfer in kilns
and this has been found to be also true for the trefoil kiln. A set of ‘view factors’
unique to the trefoil kiln has been calculated. A set of Matlab programs has been
developed to calculate the view factors for a trefoil and cylindrical kilns. These
view factor programs may easily be adapted to larger size trefoil or cylindrical
kiln. View factors allow the radiant heat transfer within the kiln to be correctly
divided up within the kiln enclosure. The unique shape of the kiln has an effect
on how radiant heat is transferred between kiln cusps and lobes. The shape of
the kiln lobe has been shown to retain 56 % energy within the same Zone, while
a cusp retains 55 %. A cylindrical kiln curved surface with the same surface area
radiates 54 % of its own energy within the same Zone. The breakdown of the
radiant transfer within the Zone is however quite different between kiln types.
View factors for a kiln enclosure ensures that radiant heat transfer is distributed
correctly within the trefoil kiln resulting in a valid thermal dynamic response.
2. The temperature dynamics of the unloaded kiln during the start-up phase – A
kiln start-up strategy has been examined for the pilot plant using the kiln model.
The model was used to develop a fuel schedule to reduce the total quantity of
fuel used to heat the unloaded kiln up to operating temperature. The complexity
of the heat transfer to the kiln walls during start-up is highlighted by results
generated by the model. A measure of the fuel consumption of the kiln is
examined when subjected to a maximum heat-up rate.

The environmental

burden of starting the pilot plant process subject to any heat-up rate restrictions
can be assessed using the pilot plant model, and used to assist in assessing the
BAT requirements of the process.
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3. The effect of the trefoil kiln cross-sectional profile on the movement of pellets
within the kiln drum – The non-uniform passage of the pellet materials between
the lobes and cusps of the kiln has been modelled by the kiln simulation model.
The flow of pellets in both the transverse and longitudinal directions within the
kiln is affected by the kiln bed profile, the speed of rotation of the kiln and angle
of inclination of the kiln. The kiln bed was found to lie horizontally after each
lobe-to-lobe avalanche.

The kiln pellet transportation model simulates this

effect and allows for the effects of pellet feed-rate and drum speed have on the
initial kiln discharge dead time. The movement of pellets through the kiln bed is
now well understood. The pellet transportation model can be used to examine
the performance of the pilot plant during the filling phase of operation, to
examine how best to load the kiln.
4. The mean pellet residence time of the kiln - The kiln drum speed of rotation and
the pellet inlet feed-rate affect the pellet transportation dead time, the kiln bed
weight and the pellet discharge rate. The kiln model accurately simulates the
relationship between the residence time of the kiln discharge materials and the
drum speed and pellet inlet feed-rate. The mean residence time of the pellets
discharging the kiln can be determined. This is linked to pellet quality, fuel
consumption and residue waste produced by the process. The effect which
residence time has on the BAT indicators can be assessed using the model.
5. Heat transfer from the kiln walls and gas phase to the kiln bed – As pellets pass
through the kiln, heat is transferred from the kiln to the materials bed. This heat
transfer is a function of the materials longitudinal and transverse velocity rates,
and the temperature of the kiln walls and gases inside the kiln. The movement of
the bed materials and the dwell time of the bed, affects the temperature response
of the loaded kiln. The interaction of the temperature and pellet systems is now
well understood. The heat transfer model explains how the kiln operates over its
temperature range, and how kiln temperatures vary with changes in kiln drum
speed, pellet feed-rate and gas flow to the burner.
6. The operating range of the kiln – The pilot plant operations team have defined
the processing conditions for pellets in terms of a time-temperature recipe.
However, temperature and residence time are both process output variables. The
input-output relationship between the process variables was poorly understood
over the operating range of the kiln. A set of maps and curves that explain the
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variation of the input-output relationship of the process variables have been
developed. The limits of operation of the pilot plant have been found and this
feeds back to the kiln manufacturers the limits of operation of the pilot plant
which can be compared to initial drum sizing specifications.
7. The best mode of operation of the kiln – The kiln simulation model has been used
to find the best fuel schedule to reach operating set point conditions in the
presence of a low fuel-pellet ratio. The model brings together all the subsystems
within the kiln and allows the interaction of these subsystems to be examined. A
start-up schedule was developed for the kiln, which brings the kiln temperature
up to 1380 K prior to loading. The kiln should be loaded at a low pellet feed-rate
and as temperatures stabilise, the pellet feed-rate should be slowly increased up
to running set point. This mode of operation reduces the pellet wastage of the
process, and translates into a low fuel-pellet weight ratio at steady state. The
pilot plant model can be operated under closed loop control to fulfil the timetemperature recipe and reduce the fuel consumption of the process.
8. The thermal efficiency of the kiln – The heat absorption of the kiln and the heat
losses through the kiln exhaust are a function of gas burner flow rate and the
temperature of gases exiting the kiln.

This provides a measure of the

environmental burden of the pilot plant. The thermal efficiency of the kiln
increases with increasing pellet feed-rate. Pre-heating the pellets improves the
thermal efficiency of the kiln and can be used to lower the operating fuel
requirements of the process. The amount of heat available for re-use can be
quantified based on the heat energy passing out the exhaust. These figures
showed that a waste heat recovery system should be considered.
9. What-if scenario testing – The pilot plant simulation model was used to
determine the change in performance of the pilot plant if the pellets entering the
kiln were preheated to 500 K. This analysis of the kiln model shows the relative
reduction in fuel utilisation of the kiln and the thermal effects which preheating
has on the Zone temperatures within the kiln.
10. Combustion and heat generation of the kilns gas fuel burner system – A
simulation model of the combustion of methane gas has been built to simulate
the operation of the kiln burner system. The efficiency of heat transfer within the
kiln is highest when the burner is operated at stoichiometric conditions as the gas
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burner produces the most radiant energy at stoichiometric conditions to the kiln
enclosure.

9.3 Future Use of the Pilot Plant Simulation Model
The pilot plant model was developed to simulate the behaviour of the kiln for the
purposes of process understanding, process investigation and control.

The

fundamental advantage of this first-principles model is that it is based on the
physical laws of conservation of mass and energy. The model can be validated at
each stage of development by examining the distribution of heat and mass
throughout the kiln. The accuracy of the model is within the defined accuracy for
each sub-model and the model produces realistic predictions of the performance of
the pilot plant.
The disadvantage of this modelling approach is the large development effort
required. This modelling approach requires a deep understanding of gas combustion,
radiant heat transfer within high temperature equipment, materials transportation and
control systems design. Model development requires a large effort in establishing
the best and established approaches used to model the individual subsystems of the
pilot plant kiln.
The pilot plant model has been developed in a modular form. The thermal model
and pellet model were developed independently. The kiln simulation model can be
used to conduct the following investigations.
1. Testing modifications to the kiln pilot plant. The addition of a waste heat
recovery system requires a model to be developed that will determine the
available heat over the complete operating phase and range of the kiln. This
can be used to determine the quantity of heat available and how best to operate
the plant to increase the overall kiln efficiency. The pilot plant has been built
to determine the environmental burden of operating a trefoil kiln based
synthetic aggregate process. The environmental burden of producing synthetic
aggregate in the pilot plant varies between pellet types, and is related to the
pellet time-temperature recipe. In this thesis a single type of pellet based on
granite stone washings has been used. This pellet has no internal combustible
materials and all the heat used to process the pellet is produced by the kiln
burner. This pellet type has a fuel-pellet ratio of 0.156 kg/kg. One way to
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reduce this ratio is to add a waste heat recovery system to the pilot plant. An
example of this type of heat recovery was treated in chapter 8, where the
pellets entering the kiln were pre-heated by 200 K. A reduction in the fuelpellet weight ratio from 0.165 kg/kg to 0.1575 kg/kg relates to a 4.4 % decrease
in fuel usage of the pilot plant. Emissions control should be implemented
using an external system, as air-fuel ratio control has a drastic effect on the
heat transfer efficiency of the kiln. An exhaust scrubber system may have to
be employed to reduce the emissions produced by the kiln, especially if the
pellets contain combustible materials.
2. Controller design and testing. The kiln model can be used to assess the
relative performance of the pilot plant kiln operated using various advanced
control strategies. The change in performance of the process relative to the
baseline PID data generated in this work can be measured.
3. Pellet testing. A third block could be developed and added to the kiln pilot
plant model to model the thermal release of the energy within pellets that have
carbon. The pellet-chemical-reaction block would be used to determine the
rate of energy release from the pellet, based on kiln temperature and exposure
time within the kiln.
4. Process up scaling. The approach taken in developing the pilot plant kiln
simulation model was used with foresight towards development of a simulation
model of a full-scale production trefoil kiln plant.

The first principles

modelling approach for radiant heat transfer may be adapted to any length or
diameter trefoil kiln, as the Hottel Zone Method has been used in processes
longer than 6 m [Hottel 1967].

The model provides a sturdier bridging

between pilot plant development phase of process development and full-scale
process plant design and implementation, including instrumentation system
design, automation system design, control system design, operating mode
design, and performance criteria assessment. The question arises about the up
scaling of the kiln model to simulate the performance of a proposed 6 m fullscale commercial trefoil kiln plant. The envisaged pilot plant has a 6 m length
kiln, which is approximately six times the size of the pilot plant kiln. This
raises the question whether the thermal model and pellet model will up-scale.
In relation to the pellet model up scaling, this has already been successfully
achieved in this thesis. The up scaling from the Cold Kiln to the pilot plant
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kiln shows that the model behaves in an identical fashion. However, a good
knowledge of the relationship between the kiln bed height and the kiln
discharge flow is difficult to predict. A similar approach to this problem can
be found by building a ‘full-scale-cold-kiln’.

The harness, motors, motor

drivers, pellet feed system and related instrumentation will be identical and the
associated costs will therefore be clawed back when the full-scale plant is
built. The full-scale trefoil kiln drum costs in the region of £200,000. A sheet
steel version can be fabricated for less than £4,000.

This will allow the

materials passage to be investigated in a laboratory environment, at a fraction
of the build cost. The kiln thermal model has been developed in blocks. Each
cusp, lobe and gas zone simulation block is configurable. These blocks can be
used to build the full-scale model.

This however leaves the problem of

determining the view factors for each zone. The Matlab m-files developed to
solve for the direct exchange areas allow any orientation and size of zones to
be solved. Therefore, knowing the kiln size, and using a zone size of similar
size to the zones used to model the pilot plant kiln, the view factors can be
found.

9.4 BAT Data Generated by the Model and Pilot Plant
The main argument made at the outset of this thesis was that the integration of
modelling and control at the pilot plant stage of development of the trefoil rotary kiln
process provides qualitative and quantitative data suitable for BAT analysis of the
process. Prior to the development of the control system, the process was controlled
manually and operating data were recorded by hand. Assessment of the process was
difficult as all variables of interest were not recorded, or not recorded at the correct
times. This made it difficult to predict the performance of a full-scale process, based
on observations made using the pilot plant.
The control system allows the pilot plant to operate automatically, in a repeatable
fashion. All variables of interest are recorded continuously. Modelling has allowed
the dynamics of the kiln to be understood, using data gathered from the pilot plant
system. Variables that may be difficult to measure may be inferred from the model.
The model has been used to develop a start-up strategy for the kiln to minimise the
fuel consumption of the pilot plant. A kiln loading and operating strategy has been
developed using the kiln to control both kiln temperatures and residence time. Data
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generated by the kiln operating allows the operations team assess the BAT criterion
of the pilot plant for all pellet processed in the kiln.
The addition of an environmental impact analysis of the process, subjects the pilot
plant to an extra set of criteria that need to be addressed. The BAT data provided as
a result of the approach taken in this thesis, by using automation, process model and
simulation, and process control is now available to address these issues.
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Appendix 1 – Programs for solving Hottel Zone Method Parameters
surfacetosurface.m

%Calculates the direct exchange area for two surfaces of a trefoil kiln using Gaussian
Integration.
%The surface to surface exchange areas can be for a cusp to cusp, lobe to cusp, cusp to
lobe, lobe to lobe, or lobe to itself
%The inputs to the program are:
%M=surfacetosurface(y1l,y1u,z1l,z1u,x1l,x1u,x2l,x2u,z2l,z2u,y2l,y2u,y10,x10,z10,x20,y20,z2
0,ny1,nz1,ny2,nz2,k)
% where:
%
x1 = surface 1 radial direction matrix [1:2n+1] ; x1l = lower value x1 ; x1u = upper value
of x1;
%
z1 = surface 1 angular direction matrix [1:2n+1] ; z1l = lower value z1 ; z1u = upper
value of z1;
%
y1 = surface 1 longitudinal direction matrix [1:2n+1]; y1l = lower value y1 ; y1u = upper
value of y1;
%
x2 = surface 2 radial direction matrix [1:2n+1]; x12 = lower value x2 ; x2u = upper
value of x2;
%
z2 = surface 2 angular direction matrix [1:2n+1]; z2l = lower value z2 ; z2u = upper
value of z2;
%
y2 = surface 2 longitudinal direction matrix [1:2n+1]; y2l = lower value y2 ; y2u = upper
value of y2;
%
x10 = centre of surface 1 arc in x-direction
%
y10 = centre of surface 1 arc in y-direction
%
z10 = centre of surface 1 arc in z-direction
%
x20 = centre of surface 2 arc in x-direction
%
y20 = centre of surface 2 arc in y-direction
%
z20 = centre of surface 2 arc in z-direction
%
n = number of divisions of each axis; ny1 = divisions in y direction
%
k = gas attenuation coefficient
function
M=surfacetosurface_G6(x1l,x1u,z1l,z1u,y1l,y1u,x2l,x2u,z2l,z2u,y2l,y2u,x10,z10,y10,x20,z20,
y20,ny1,nz1,ny2,nz2,k)
% Load the Gaussian coefficients from memory; Use Gauss 80 and Gauss 96
[X,C] = gauss80;
[X1,C1 ]= gauss96;
n1=96; n0=80;
%Initialisation of Integration counters
K1y1=0;K2y1=0;K3y1=0;K1z1=0;K2z1=0;K3z1=0;K1y2=0;K2y2=0;K3y2=0;K1z2=0;K2z2=0;K
3z2=0;
%Create a matrix for even value check
n=max([ny1 ny2 nz1 nz2]);
Hy1 = (y1u - y1l)/(ny1);Hy2 = (y2u - y2l)/(ny2);Hz1 = (z1u - z1l)/(nz1);Hz2 = (z2u - z2l)/(nz2);
for i=1:n + 1
y1m(i)=y1l + Hy1*(i-1);y2m(i)=y2l + Hy2*(i-1);z1m(i)=z1l + Hz1*(i-1);z2m(i)=z2l + Hz2*(i-1);
end
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for i=1:n
hy1(i)=(y1m(i+1)-y1m(i))/2;hz1(i)=(z1m(i+1)-z1m(i))/2;hy2(i)=(y2m(i+1)y2m(i))/2;hz2(i)=(z2m(i+1)-z2m(i))/2;
hpy1(i)=(y1m(i+1)+y1m(i))/2;hpz1(i)=(z1m(i+1)+z1m(i))/2;hpy2(i)=(y2m(i+1)+y2m(i))/2;hpz2(i)
=(z2m(i+1)+z2m(i))/2;
end
%Define the start and end points of both surfaces
for i=1:24
z1p(i)=z1l + Hz1*(i-1)/24;z2p(i)=z2l + Hz2*(i-1)/24;
end
% Define constants within the program
r1=x1u;r2=x2u;r1s = r1*r1;r2s=r2*r2;
%Plot both surfaces to ensure the correct lobe/cusp and cusp/lobe have been selected
% This is a visual check that appears on screen to show the user the orientation of the two
surfaces.
% This avoids the incorrect calculation being made
plot(r1*cos(z1p)+ x10,r1*sin(z1p)+ z10,'g');axis equal;
hold on;plot(r1*cos(z2p) + x20,r1*sin(z2p) + z20,'r');plot(x10,z10,'g o');plot(x20,z20,'r
o');plot(x10,z10,'r x');
TITLE('green-surface 1 red-surface 2');axis equal;hold off;
% Integration Routine
tic % start clock to determine how long the program will run based on first integral pass
% 4th Integral loop dy1 – Longitudinal length of curved surface 1
for iy1 = 1:(ny1)
for jy1 = 1:n1; y1 = hy1(iy1)*X1(jy1) + hpy1(iy1)
% 3rd Integral loop dz1 - angle in surface 1 in radians
K1z1=0;
for iz1 = 1:(nz1)
for jz1 = 1:n1; z1 = hz1(iz1)*X1(jz1) + hpz1(iz1);
% 2nd Integral loop dy2 – Longitudinal length of curved surface 2
K1y2=0;
for iy2 = 1:(ny2)
for jy2 = 1:n0; y2 = hy2(iy2)*X(jy2) + hpy2(iy2);
% 1st Integral loop dz2 - angle in surface 2 in radians
K1z2=0;
for iz2 = 1:(nz2)
for jz2=1:n0 ; z2 = hz2(iz2)*X(jz2) + hpz2(iz2);
% Determine the cosine angles of the surface normalised vectors
Sz2l = (y2-y1)^2 + (r2*cos(z2) - r1*cos(z1) + x20 - x10)^2 + (r2*sin(z2) - r1*sin(z1) + z20 z10)^2;
S1z2l = (y2-y1)^2 + (r2*cos(z2) + x20 - x10)^2 + (r2*sin(z2) + z20 - z10)^2;
S2z2l = (y2-y1)^2 + (r1*cos(z1) + x10 - x20)^2 + (r1*sin(z1) + z10 - z20)^2;
eSkz2l = exp(-sqrt(Sz2l)*k);
% Calculate the integral if the distance between points is non-zero
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if Sz2l==0
Q(jz2)=0;
else
Q(jz2) = C(jz2)*eSkz2l*( ((r1s/Sz2l) + 1 - (S1z2l/Sz2l))*((r2s/Sz2l) + 1 - (S2z2l/Sz2l)) );
end
end
K1z2 = sum(Q)*hz2(iz2) + K1z2;
end
K1y2 = C(jy2)*K1z2*hy2(iy2) + K1y2;
end
end
K1z1 = C1(jz1)*K1y2*hz1(iz1) + K1z1;
end
end
K1y1 = C1(jy1)*K1z1*hy1(iy1) + K1y1;
end
% Calculate the time elapsed for one step of the 4th integral
time=toc;
timerunningmins=time/60
timeremainingmins=timerunningmins*(n-iy1+1)/iy1
K2y1=K2y1+K1y1;
end
% Integral solution of the 4th integral y1
Ly1 = K1y1/(4*pi);
% Integral solution
M =[abs(Ly1)];
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surfacetoend.m

% This program calculates the surface to end plate view factors
%function M=surfacetoend(x1m,z1m,y1m,x2m,z2m,y2m,x10,y10,z10,x20,y20,z20,n,k)
function
% where:
%
x1 = surface 1 radial direction matrix [1:2n+1] ; x1l = lower value x1 ; x1u = upper value
of x1;
%
z1 = surface 1 angular direction matrix [1:2n+1] ; z1l = lower value z1 ; z1u = upper
value of z1;
%
y1 = surface 1 longitudinal direction matrix [1:2n+1]; y1l = lower value y1 ; y1u = upper
value of y1;
%
x2 = surface 2 radial direction matrix [1:2n+1]; x12 = lower value x2 ; x2u = upper
value of x2;
%
z2 = surface 2 angular direction matrix [1:2n+1]; z2l = lower value z2 ; z2u = upper
value of z2;
%
y2 = surface 2 longitudinal direction matrix [1:2n+1]; y2l = lower value y2 ; y2u = upper
value of y2;
%
x10 = centre of surface 1 arc in x-direction
%
y10 = centre of surface 1 arc in y-direction
%
z10 = centre of surface 1 arc in z-direction
%
x20 = centre of surface 2 arc in x-direction
%
y20 = centre of surface 2 arc in y-direction
%
z20 = centre of surface 2 arc in z-direction
%
n = number of divisions of each axis; ny1 = divisions in y direction
%
k = gas attenuation coefficient
M=surfacetoend(y1l,y1u,z1l,z1u,x1l,x1u,x2l,x2u,z2l,z2u,y2l,y2u,y10,z10,x10,x20,z20,y20,ny1,
nz1,ny2,nz2,k)
% Load the Gaussian coefficients from memory; Use Gauss 80 and Gauss 96
[X,C]=gauss80;
[X1,C1]=gauss96;
n1=96;n0=80;
%Initialisation of Integration counters
K1y1=0;K2y1=0;K3y1=0;K1z1=0;K2z1=0;K3z1=0;K1y2=0;K2y2=0;K3y2=0;K1z2=0;K2z2=0;K
3z2=0;
%Create a matrix for even value check
n=max([ny1 ny2 nz1 nz2]);
Hy1 = (y1u - y1l)/(ny1);Hy2 = (y2u - y2l)/(ny2);Hz1 = (z1u - z1l)/(nz1);Hz2 = (z2u - z2l)/(nz2);
for i=1:n + 1
y1m(i)=y1l + Hy1*(i-1);y2m(i)=y2l + Hy2*(i-1);z1m(i)=z1l + Hz1*(i-1);z2m(i)=z2l + Hz2*(i-1);
end
for i=1:n
hy1(i)=(y1m(i+1)-y1m(i))/2;hz1(i)=(z1m(i+1)-z1m(i))/2;hy2(i)=(y2m(i+1)y2m(i))/2;hz2(i)=(z2m(i+1)-z2m(i))/2;
hpy1(i)=(y1m(i+1)+y1m(i))/2;hpz1(i)=(z1m(i+1)+z1m(i))/2;hpy2(i)=(y2m(i+1)+y2m(i))/2;hpz2(i)
=(z2m(i+1)+z2m(i))/2;
end
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for i=1:24
z1p(i)=z1l + Hz1*(i-1)/24;z2p(i)=z2l + Hz2*(i-1)/24;
end
r1=y1u;r2=x2u;r1s = r1*r1;r2s=r2*r2;
plot(r1*cos(z1p)+ x10,r1*sin(z1p)+ z10,'g');axis equal;
hold on;plot(r2*cos(z2p) + x20,r2*sin(z2p) + z20,'r');plot(x10,z10,'g o');plot(x20,z20,'r
o');plot(x10,z10,'r x');axis equal;hold off;
K1y1=0;
%Integration Routine
tic
for iy1 = 1:(ny1)
for jy1 = 1:n1
y1 = hy1(iy1)*X1(jy1) + hpy1(iy1);
%3rd Integral loop dz1 - angle in surface 1
K1z1=0;
for iz1 = 1:(nz1)
for jz1 = 1:n1
z1 = hz1(iz1)*X1(jz1) + hpz1(iz1);
%2nd Integral loop dy2
K1y2=0;
for iy2 = 1:(ny2)
for jy2 = 1:n0
y2 = hy2(iy2)*X(jy2) + hpy2(iy2);
%1st Integral loop dz2
K1z2=0;
for iz2 = 1:(nz2)
for jz2=1:n0
z2 = hz2(iz2)*X(jz2) + hpz2(iz2);
%Determine the cosine angles of the surface normalised vectors
Sz2l = (y2-y10)^2 + (r2*cos(z2) - y1*cos(z1) + x20 - x10)^2 + (r2*sin(z2) - y1*sin(z1) + z20 z10)^2;
S2z2l = (y2-y10)^2 + (y1*cos(z1) + x10 - x20)^2 + (y1*sin(z1) + z10 - z20)^2;
eSkz2l = exp(-sqrt(Sz2l)*k);
%Calculate the integral if the distance between points is non-zero
if Sz2l==0
Q(jz2)=0;
else
Q(jz2) = C(jz2)*eSkz2l*( ((r2s+Sz2l-S2z2l)/(Sz2l^2))*y1*(y2-y20) );
end
end
K1z2 = sum(Q)*hz2(iz2) + K1z2;
end
K1y2 = C(jy2)*K1z2*hy2(iy2) + K1y2;
end
end
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K1z1 = C1(jz1)*K1y2*hz1(iz1) + K1z1;
end
end
K1y1 = C1(jy1)*K1z1*hy1(iy1) + K1y1;
end
%Calculate the time elapsed for one step of the 4th integral
time=toc;
timerunningmins=time/60
timeremainingmins=timerunningmins*(n-iy1+1)/iy1
%K2y1=K2y1+K1y1;
end
%Integral solution of the 4th integral y1
Ly1 = K1y1/(2*pi);
M =[abs(Ly1) ];
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gastosurface.m

%Calculates the direct exchange area a gas volume and a surface of a trefoil kiln.
%The gas to surface exchange areas can be for a cusp or lobe
%The inputs to the program are:
%M=gastosurface(x1,z1,y1,x2,z2,y2,x10,y10,z10,x20,y20,z20,n,k)
% where:
%
x1 = volume 1 radial direction matrix [1:2n+1]
%
z1 = volume 1 angular direction matrix [1:2n+1]
%
y1 = volume 1 longitudinal direction matrix [1:2n+1]
%
x2 = surface 2 radial direction matrix [1:2n+1]
%
z2 = surface 2 angular direction matrix [1:2n+1]
%
y2 = surface 2 longitudinal direction matrix [1:2n+1]
%
x10 = centre of volume 1 arc in x-direction
%
y10 = centre of volume 1 arc in y-direction
%
z10 = centre of volume 1 arc in z-direction
%
x20 = centre of surface 2 arc in x-direction
%
y20 = centre of surface 2 arc in y-direction
%
z20 = centre of surface 2 arc in z-direction
%
n = number of divisions of each axis
%
k = gas attenuation coefficient
function
M=gastosurface(x1l,x1u,z1l,z1u,y1l,y1u,x2l,x2u,z2l,z2u,y2l,y2u,x10,z10,y10,x20,z20,y20,nx1,
ny1,nz1,ny2,nz2,k)
% Load the Gaussian coefficients from memory; Use Gauss 80 and Gauss 96
[X,C]=gauss80;
[X1,C1]=gauss96;
n1=96;n0=80;
n=max([nx1 ny1 nz1 ny2 nz2]);
%Initialisation of Integration counters
K1x1=0;K1y1=0;K1z1=0;K1y2=0;K1z2=0;
Sz2lmin=100;
%Step size for each integrals
Hx1 = (x1u - x1l)/(nx1);Hy1 = (y1u - y1l)/(ny1);Hy2 = (y2u - y2l)/(ny2);Hz1 = (z1u z1l)/(nz1);Hz2 = (z2u - z2l)/(nz2);
for i=1:n + 1
x1m(i)=x1l + Hx1*(i-1);y1m(i)=y1l + Hy1*(i-1);y2m(i)=y2l + Hy2*(i-1);z1m(i)=z1l + Hz1*(i1);z2m(i)=z2l + Hz2*(i-1);
end
for i=1:n
hx1(i)=(x1m(i+1)-x1m(i))/2;hy1(i)=(y1m(i+1)-y1m(i))/2;hz1(i)=(z1m(i+1)z1m(i))/2;hy2(i)=(y2m(i+1)-y2m(i))/2;hz2(i)=(z2m(i+1)-z2m(i))/2;
hpx1(i)=(x1m(i+1)+x1m(i))/2;hpy1(i)=(y1m(i+1)+y1m(i))/2;hpz1(i)=(z1m(i+1)+z1m(i))/2;hpy2(i)
=(y2m(i+1)+y2m(i))/2;hpz2(i)=(z2m(i+1)+z2m(i))/2;
end
r1=x1u;r2=x2u;
r2s=r2*r2;
for i=1:24
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z1p(i)=z1l + Hz1*(i-1)/24;z2p(i)=z2l + Hz2*(i-1)/24;
end
%Plot both gas volume and surface to ensure the correct lobe/cusp and cusp/lobe have been
selected
plot(r1*cos(z1p)+ x10,r1*sin(z1p)+ z10,'g');axis equal;
hold on;plot(r2*cos(z2p) + x20,r2*sin(z2p) + z20,'r');plot(x10,z10,'g o');plot(x20,z20,'r
o');plot(x10,z10,'r x');
%TITLE('green-volume 1 red-surface 2');axis equal;hold off;
%Integration Routine
tic % start clock to determine how long the program will run
% 5th Integral loop dx1
for ix1 = 1:(nx1)
for jx1 = 1:n1
x1 = hx1(ix1)*X1(jx1) + hpx1(ix1);
% 4th Integral loop dy1
K1y1=0;
for iy1 = 1:(ny1)
for jy1 = 1:n1
y1 = hy1(iy1)*X1(jy1) + hpy1(iy1);
% 3rd Integral loop dz1 - angle in surface 1
K1z1=0;
for iz1 = 1:(nz1)
for jz1 = 1:n1
z1 = hz1(iz1)*X1(jz1) + hpz1(iz1);
% 2nd Integral loop dy2
K1y2=0;
for iy2 = 1:(ny2)
for jy2 = 1:n0
y2 = hy2(iy2)*X(jy2) + hpy2(iy2);
% 1st Integral loop dz2
K1z2=0;
for iz2 = 1:(nz2)
for jz2=1:n0
z2 = hz2(iz2)*X(jz2) + hpz2(iz2);
% Determine the cosine angles of the surface normalised vectors
Sz2l = (y2-y1)^2 + (r2*cos(z2) - x1*cos(z1) + x20 - x10)^2 + (r2*sin(z2) - x1*sin(z1) + z20 z10)^2;
S2z2l = (y2-y1)^2 + (x1*cos(z1) + x10 - x20)^2 + (x1*sin(z1) + z10 - z20)^2;
eSkz2l = exp(-sqrt(Sz2l)*k);
% Calculate the integral if the distance between points is non-zero
if Sz2l<=Sz2lmin
Sz2lmin=Sz2l;end
if Sz2l==0
Q(jz2)=0;
else
Q(jz2) = C(jz2)*eSkz2l*k*x1*((r2s + Sz2l - S2z2l)/(Sz2l^1.5));
end
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end
K1z2 = sum(Q)*hz2(iz2) + K1z2;
end
K1y2 = C(jy2)*K1z2*hy2(iy2) + K1y2;
end
end
K1z1 = C1(jz1)*K1y2*hz1(iz1) + K1z1;
end
end
K1y1 = C1(jy1)*K1z1*hy1(iy1) + K1y1;
end
end
K1x1 = C1(jx1)*K1y1*hx1(ix1) + K1x1;
jz1
end
% Calculate the time elapsed for one step of the 4th integral
time=toc;
timerunningmins=time/60
timeremainingmins=timerunningmins*(n-ix1+1)/ix1
end
Lx1 = K1x1/(2*pi);
M=[abs(Lx1)];
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gastoend.m

%Calculates the direct exchange area a gas volume and a surface of a trefoil kiln.
%The gas to surface exchange areas can be for a cusp or lobe
%
%The inputs to the program are:
%M = gastosurface(x1,z1,y1,x2,z2,y2,x10,y10,z10,x20,y20,z20,n,k)
% where
%
x1 = volume 1 radial direction matrix [1:2n+1]
%
z1 = volume 1 angular direction matrix [1:2n+1]
%
y1 = volume 1 longitudinal direction matrix [1:2n+1]
%
x2 = surface 2 radial direction matrix [1:2n+1]
%
z2 = surface 2 angular direction matrix [1:2n+1]
%
y2 = surface 2 longitudinal direction matrix [1:2n+1]
%
x10 = centre of volume 1 arc in x-direction
%
y10 = centre of volume 1 arc in y-direction
%
z10 = centre of volume 1 arc in z-direction
%
x20 = centre of surface 2 arc in x-direction
%
y20 = centre of surface 2 arc in y-direction
%
z20 = centre of surface 2 arc in z-direction
%
n = number of divisions of each axis
%
k = gas attenuation coefficient
function
M=gastoend(x1l,x1u,z1l,z1u,y1l,y1u,x2l,x2u,z2l,z2u,y2l,y2u,x10,z10,y10,x20,z20,y20,nx1,ny1
,nz1,nx2,nz2,k)
% Load the Gaussian coefficients from memory; Use Gauss 80 and Gauss 96
[X,C]=gauss80;
[X1,C1]=gauss96;
n1=96;n0=80;
n = max([nx1 ny1 nz1 nx2 nz2]);
%Initialisation of Integration counters
K1x1=0;K1y1=0;K1z1=0;K1x2=0;K1z2=0;
Sz2lmin=100;
%Step size for each integrals
Hx1 = (x1u - x1l)/(nx1);Hy1 = (y1u - y1l)/(ny1);Hx2 = (x2u - x2l)/(nx2);Hz1 = (z1u z1l)/(nz1);Hz2 = (z2u - z2l)/(nz2);
for i=1:n + 1
x1m(i)=x1l + Hx1*(i-1);y1m(i)=y1l + Hy1*(i-1);x2m(i)=x2l + Hx2*(i-1);z1m(i)=z1l + Hz1*(i1);z2m(i)=z2l + Hz2*(i-1);
end
for i=1:n
hx1(i)=(x1m(i+1)-x1m(i))/2;hy1(i)=(y1m(i+1)-y1m(i))/2;hz1(i)=(z1m(i+1)z1m(i))/2;hx2(i)=(x2m(i+1)-x2m(i))/2;hz2(i)=(z2m(i+1)-z2m(i))/2;
hpx1(i)=(x1m(i+1)+x1m(i))/2;hpy1(i)=(y1m(i+1)+y1m(i))/2;hpz1(i)=(z1m(i+1)+z1m(i))/2;hpx2(i)
=(x2m(i+1)+x2m(i))/2;hpz2(i)=(z2m(i+1)+z2m(i))/2;
end
r1=x1u;r2=x2u;r2s=r2*r2;
for i=1:24
266

z1p(i)=z1l + Hz1*(i-1)/24;z2p(i)=z2l + Hz2*(i-1)/24;
end
%Plot both gas volume and surface to ensure the correct lobe/cusp and cusp/lobe have been
selected
%plot(r1*cos(z1p)+ x10,r1*sin(z1p)+ z10,'g');axis equal;
%hold on;plot(r2*cos(z2p) + x20,r2*sin(z2p) + z20,'r');plot(x10,z10,'g o');plot(x20,z20,'r
o');plot(x10,z10,'r x');
%TITLE('green-volume 1 red-surface 2');axis equal;hold off;
%Integration Routine
tic % start clock to determine how long the program will run
%5th Integral loop dx1
for ix1 = 1:(nx1)
for jx1 = 1:n1
x1 = hx1(ix1)*X1(jx1) + hpx1(ix1);
%4th Integral loop dy1
K1y1=0;
for iy1 = 1:(ny1)
for jy1 = 1:n1
y1 = hy1(iy1)*X1(jy1) + hpy1(iy1);
%3rd Integral loop dz1 - angle in surface 1
K1z1=0;
for iz1 = 1:(nz1)
for jz1 = 1:n1
z1 = hz1(iz1)*X1(jz1) + hpz1(iz1);
%2nd Integral loop dx2
K1x2=0;
for ix2 = 1:(nx2)
for jx2 = 1:n0
x2 = hx2(ix2)*X(jx2) + hpx2(ix2);
%1st Integral loop dz2
K1z2=0;
for iz2 = 1:(nz2)
for jz2=1:n0
z2 = hz2(iz2)*X(jz2) + hpz2(iz2);
%Determine the cosine angles of the surface normalised vectors
Sz2l = (y1-y20)^2 + (x1*cos(z1) - x2*cos(z2) + x10 - x20)^2 + (x1*sin(z1) - x2*sin(z2) + z10
- z20)^2;
eSkz2l = exp(-sqrt(Sz2l)*k);
%Calculate the integral if the distance between points is non-zero
if Sz2l==0
Q(jz2)=0;
else
Q(jz2) = C(jz2)*eSkz2l*x1*x2*(y20-y1)/(Sz2l^1.5);
end
end
K1z2 = sum(Q)*hz2(iz2) + K1z2;
end
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K1x2 = C(jx2)*K1z2*hx2(ix2) + K1x2;
end
end
K1z1 = C1(jz1)*K1x2*hz1(iz1) + K1z1;
end
end
K1y1 = C1(jy1)*K1z1*hy1(iy1) + K1y1;
end
end
K1x1 = C1(jx1)*K1y1*hx1(ix1) + K1x1;
ix1
end
%Calculate the time elapsed for one step of the 4th integral
time=toc;
timerunningmins=time/60
timeremainingmins=timerunningmins*(n-ix1+1)/ix1
end
Lx1 = K1x1*k/(pi);
M=[abs(Lx1) ];
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gastogas.m

%Calculates the direct exchange area a gas volume and a surface of a trefoil kiln.
%The gas to surface exchange areas can be for a cusp or lobe
%
%The inputs to the program are:
%M=gastogas_G6(x1,z1,y1,x2,z2,y2,x10,y10,z10,x20,y20,z20,n,k)
% where:
%
x1 = volume 1 radial direction matrix [1:2n+1]
%
z1 = volume 1 angular direction matrix [1:2n+1]
%
y1 = volume 1 longitudinal direction matrix [1:2n+1]
%
x2 = surface 2 radial direction matrix [1:2n+1]
%
z2 = surface 2 angular direction matrix [1:2n+1]
%
y2 = surface 2 longitudinal direction matrix [1:2n+1]
%
x10 = centre of volume 1 arc in x-direction
%
y10 = centre of volume 1 arc in y-direction
%
z10 = centre of volume 1 arc in z-direction
%
x20 = centre of surface 2 arc in x-direction
%
y20 = centre of surface 2 arc in y-direction
%
z20 = centre of surface 2 arc in z-direction
%
n = number of divisions of each axis
%
k = gas attenuation coefficient
function
M=gastogas_G6(x1l,x1u,z1l,z1u,y1l,y1u,x2l,x2u,z2l,z2u,y2l,y2u,x10,y10,z10,x20,y20,z20,nx1,
ny1,nz1,nx2,ny2,nz2,k)
% Load the Gaussian coefficients from memory; Use Gauss 80 and Gauss 96
[X,C]=gauss80;
[X1,C1]=gauss96;
n1=96;n0=80;
n=max([nx1 ny1 nz1 ny2 nz2]);
%Initialisation of Integration counters
K1x1=0;K1y1=0;K1z1=0;K1x2=0;K1y2=0;K1z2=0;
%Step size for each integrals
Hx1 = (x1u - x1l)/(nx1);Hx2 = (x2u - x2l)/(nx2);Hy1 = (y1u - y1l)/(ny1);Hy2 = (y2u y2l)/(ny2);Hz1 = (z1u - z1l)/(nz1);Hz2 = (z2u - z2l)/(nz2);
for i=1:n + 1
x1m(i)=x1l + Hx1*(i-1);x2m(i)=x2l + Hx2*(i-1);y1m(i)=y1l + Hy1*(i-1);y2m(i)=y2l + Hy2*(i1);z1m(i)=z1l + Hz1*(i-1);z2m(i)=z2l + Hz2*(i-1);
end
for i=1:n
hx1(i)=(x1m(i+1)-x1m(i))/2;hx2(i)=(x2m(i+1)-x2m(i))/2;hy1(i)=(y1m(i+1)y1m(i))/2;hz1(i)=(z1m(i+1)-z1m(i))/2;hy2(i)=(y2m(i+1)-y2m(i))/2;hz2(i)=(z2m(i+1)-z2m(i))/2;
hpx1(i)=(x1m(i+1)+x1m(i))/2;hpx2(i)=(x2m(i+1)+x2m(i))/2;hpy1(i)=(y1m(i+1)+y1m(i))/2;hpz1(i)
=(z1m(i+1)+z1m(i))/2;hpy2(i)=(y2m(i+1)+y2m(i))/2;hpz2(i)=(z2m(i+1)+z2m(i))/2;
end
r1=x1u;r2=x2u;r2s=r2*r2;
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%Plot both gas volume and surface to ensure the correct lobe/cusp and cusp/lobe have been
selected
plot(r1*cos(z1m)+ x10,r1*sin(z1m)+ z10,'g');axis equal;
hold on;plot(r2*cos(z2m) + x20,r2*sin(z2m) + z20,'r');plot(x10,z10,'g o');plot(x20,z20,'r
o');plot(x10,z10,'r x');
%TITLE('green-volume 1 red-surface 2');axis equal;hold off;
%Integration Routine
tic % start clock to determine how long the program will run
%5th Integral loop dx1
for ix1 = 1:(nx1)
for jx1 = 1:n1
x1 = hx1(ix1)*X1(jx1) + hpx1(ix1);
%4th Integral loop dy1
K1y1=0;
for iy1 = 1:(ny1)
for jy1 = 1:n1
y1 = hy1(iy1)*X1(jy1) + hpy1(iy1);
%3rd Integral loop dz1 - angle in surface 1
K1z1=0;
for iz1 = 1:(nz1)
for jz1 = 1:n1
z1 = hz1(iz1)*X1(jz1) + hpz1(iz1);
K1x2=0;
for ix2 = 1:(nx2)
for jx2 = 1:n0
x2 = hx2(ix2)*X(jx2) + hpx2(ix2);
%2nd Integral loop dy2
K1y2=0;
for iy2 = 1:(ny2)
for jy2 = 1:n0
y2 = hy2(iy2)*X(jy2) + hpy2(iy2);
%1st Integral loop dz2
K1z2=0;
for iz2 = 1:(nz2)
for jz2=1:n0
z2 = hz2(iz2)*X(jz2) + hpz2(iz2);
Sz2l = (y2-y1)^2 + (x2*cos(z2) - x1*cos(z1) + x20 - x10)^2 + (x2*sin(z2) - x1*sin(z1) +
z20 - z10)^2;
eSkz2l = exp(-sqrt(Sz2l)*k);
Q(jz2) = C(jz2)*eSkz2l*x1*x2/Sz2l;
end
K1z2 = sum(Q)*hz2(iz2) + K1z2;
end
K1y2 = C(jy2)*K1z2*hy2(iy2) + K1y2;
end
end
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K1x2 = C(jx2)*K1y2*hx2(ix2) + K1x2;
end
end
K1z1 = C1(jz1)*K1x2*hz1(iz1) + K1z1;
end
end
K1y1 = C1(jy1)*K1z1*hy1(iy1) + K1y1;
end
time=toc;
timerunningmins=time/60
timeremainingmins=timerunningmins*(n1-jx1+1)/jx1
%end
end
K1x1 = C1(jx1)*K1y1*hx1(ix1) + K1x1;
%Calculate the time elapsed for one step of the 4th integral
end
end
Lx1 = K1x1*k*k/(pi);
M=[abs(Lx1)];
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Gauss96.m
% Coefficients used in the Gaussian Quadrature weights and coefficients

function [X96,C96]=gauss96

X96=[0.999689503883230766828
0.998364375863181677724
0.995981842987209290650
0.992543900323762624572
0.988054126329623799481
0.982517263563014677447
0.975939174585136466453
0.968326828463264212174
0.959688291448742539300
0.950032717784437635756
0.939370339752755216932
0.927712456722308690965
0.915071423120898074206
0.901460635315852341319
0.886894517402420416057
0.871388505909296502874
0.854959033434601455463
0.837623511228187121494
0.819400310737931675539
0.800308744139140817229
0.780369043867433217604
0.759602341176647498703
0.738030643744400132851
0.715676812348967626225
0.692564536642171561344
0.668718310043916153953
0.644163403784967106798
0.618925840125468570386
0.593032364777572080684
0.566510418561397168404
0.539388108324357436227
0.511694177154667673586
0.483457973920596359768
0.454709422167743008636
0.425478988407300545365
0.395797649828908603285
0.365696861472313635031
0.335208522892625422616
0.304364944354496353024
0.273198812591049141487
0.241743156163840012328
0.210031310460567203603
0.178096882367618602759
0.145973714654896941989
0.113695850110665920911
0.081297495464425558994
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0.048812985136049731112
0.016276744849602969579]
for i=49:96
X96(i)=-X96(97-i);end
X96=-X96;
C96=[0.000796792065552012429
0.001853960788946921732
0.002910731817934946408
0.003964554338444686674
0.005014202742927517693
0.006058545504235961683
0.007096470791153865269
0.008126876925698759217
0.009148671230783386633
0.010160770535008415758
0.011162102099838498591
0.012151604671088319635
0.013128229566961572637
0.014090941772314860916
0.015038721026994938006
0.015970562902562291381
0.016885479864245172450
0.017782502316045260838
0.018660679627411467385
0.019519081140145022410
0.020356797154333324595
0.021172939892191298988
0.021966644438744349195
0.022737069658329374001
0.023483399085926219842
0.024204841792364691282
0.024900633222483610288
0.025570036005349361499
0.026212340735672413913
0.026826866725591762198
0.027412962726029242823
0.027970007616848334440
0.028497411065085385646
0.028994614150555236543
0.029461089958167905970
0.029896344136328385984
0.030299915420827593794
0.030671376123669149014
0.031010332586313837423
0.031316425596861355813
0.031589330770727168558
0.031828758894411006535
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0.032034456231992663218
0.032206204794030250669
0.032343822568575928429
0.032447163714064269364
0.032516118713868835987
0.032550614492363166242];
for i=49:96
C96(i)=C96(97-i);end
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Gauss80.m

% Coefficients used in the Gaussian Quadrature weights and coefficients
function [X80,C80]=gauss80
X80=[0.999553822651630629880
0.997649864398237688900
0.994227540965688277892
0.989291302499755531027
0.982848572738629070418
0.974909140585727793386
0.965485089043799251452
0.954590766343634905493
0.942242761309872674752
0.928459877172445795953
0.913263102571757654165
0.896675579438770683194
0.878722567678213828704
0.859431406663111096977
0.838831473580255275617
0.816954138681463470371
0.793832717504605449949
0.769502420135041373866
0.744000297583597272317
0.717365185362099880254
0.689637644342027600771
0.660859898986119801736
0.631075773046871966248
0.600330622829751743155
0.568671268122709784725
0.536145920897131932020
0.502804111888784987594
0.468696615170544477036
0.433875370831756093062
0.398393405881969227024
0.362304753499487315619
0.325664370747701914619
0.288528054884511853109
0.250952358392272120493
0.212994502857666132572
0.174712291832646812559
0.136164022809143886559
0.097408398441584599063
0.058504437152420668629
0.019511383256793997654];
for i=41:80
X80(i)=-X80(81-i);end
X80=-X80;
C80 =[0.001144950003186941534
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0.002663533589512681669
0.004180313124694895237
0.005690922451403198649
0.007192904768117312753
0.008683945269260858426
0.010161766041103064521
0.011624114120797826916
0.013068761592401339294
0.014493508040509076117
0.015896183583725688045
0.017274652056269306359
0.018626814208299031429
0.019950610878141998929
0.021244026115782006389
0.022505090246332461926
0.023731882865930101293
0.024922535764115491105
0.026075235767565117903
0.027188227500486380674
0.028259816057276862397
0.029288369583267847693
0.030272321759557980661
0.031210174188114701642
0.032100498673487773148
0.032941939397645401383
0.033733214984611522817
0.034473120451753928794
0.035160529044747593496
0.035794393953416054603
0.036373749905835978044
0.036897714638276008839
0.037365490238730490027
0.037776364362001397490
0.038129711314477638344
0.038424993006959423185
0.038661759774076463327
0.038839651059051968932
0.038958395962769531199
0.039017813656306654811];
for i=41:80
C80(i)=C80(81-i);end
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Directflux.m

% This program converts the Direct Exchange Area (view factor) matrices into Total
Exchange Area and Directed flux Areas matrix M (43x43)
%12-December-2002
%-------------------Start of Initialisation----------------------------------------%
%INITIAL
%Initial starting temperature of the model
trace=1000;ct = 5.6687e-8;% Stefan-Boltzmann constant
Tamb = 293; % ambient temperature deg K
Ts = [0 0 0 0 0 0] +Tamb; %Surface temperatures initially
Tg = [1932 0 0 0] + Tamb;
%Gas zone temperatures initially
Temp1=Ts(1);T1 = Ts(1);
Temp21=Ts(2);T21 = Ts(2);
Temp22=Ts(3);T22 = Ts(3);
Temp23=Ts(4);T23 = Ts(4);
Temp24=Ts(5);T24 = Ts(5);
Temp41=Tg(1);T41 = Tg(1);
Temp42=Tg(2);T42 = Tg(2);
Temp43=Tg(3);T43 = Tg(3);
Temp44=Tg(4);T44 = Tg(4);
Temp3=Ts(6);T3 = Ts(6);
times = 0;
% zero energies ie at room temperature
E10 = Temp1*(4.77*448);
E210 = Temp21*(38.21*448);
E220 = Temp22*(38.21*448);
E230 = Temp23*(38.21*448);
E240 = Temp24*(38.21*448);
E410 = Temp41*(0.06347*993);
E420 = Temp42*(0.06347*993);
E430 = Temp43*(0.06347*993);
E440 = Temp44*(0.06347*993);
E30 = Temp3*(4.77*448);
E1 = Temp1*(4.77*448);
E21 = Temp21*(38.21*448);
E22 = Temp22*(38.21*448);
E23 = Temp23*(38.21*448);
E24 = Temp24*(38.21*448);
E41 = Temp41*(0.06347*993);
E42 = Temp42*(0.06347*993);
E43 = Temp43*(0.06347*993);
E44 = Temp44*(0.06347*993);
E3 = Temp3*(4.77*448);
Egascomb = vlv*10000;%Energy released by combustion
Qin = qcomp*0.05165*Egascomb/248e3; % m^3/sec GAs and air flowrate through the kiln
%qreccomp = 0.8; percentage of recycled gas in kiln
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Qrec = Qin * qreccomp;
% E41comb - gas combustion energy
%Calculate the Surface Areas
AreaS = [0.19634408 0.39283379
0.19634408];

0.39294364

0.39294364

0.39283379

%Calculate the gas volumes
VolG = [AreaS(1)*.25 AreaS(1)*.25 AreaS(1)*.25 AreaS(1)*.25]; %Based on cyl kiln
% save directexchangedata ssk0 ssk1 ssk2 ggk0 ggk1 ggk2 sgk0 sgk1 sgk2 gsk0 gsk1 gsk2
% Load Direct Exchange Area Data
load directexchangedata
%-------------------End of Initialisation------------------------------------------%
%-------------------Start of Main Program------------------------------------------%
% MAIN 1
%Eventually the emissivity of the surfaces which are temperature dependent will be
% calculated here. Assume for now they are constant.
%Calculate the surface Emissivity
EmS = [0.3 0.3 0.3 0.3 0.3 0.3]*vare;
%Calculate the surface Reflectance (1-emissivity)
RowS = - EmS + 1;
%Calculate emissivity by area
EmSAreaS = AreaS.*EmS;
%-----------------Start of Total Exchange Area----------------------------------%
for SimStep =1:stepsmax
%Set-up Diagonal matrices
Is = eye(6);
%Diagonal area matrix
AI = Is.*[AreaS;AreaS;AreaS;AreaS;AreaS;AreaS];
%Diagonal area-emissivity matrix
eAI = Is.*[EmSAreaS;EmSAreaS;EmSAreaS;EmSAreaS;EmSAreaS;EmSAreaS];
%Diagonal emissivity matrix
eI = Is.*[EmS;EmS;EmS;EmS;EmS;EmS];
%Diagonal reflectance matrix
RowSI = Is.*[RowS;RowS;RowS;RowS;RowS;RowS];
%Calculate SSk0, GGk0, SGk0 TOTAL EXCHANGE AREAS for k0
Rk0 = inv(AI - ssk0*RowSI);
SSk0 = eAI*Rk0*ssk0*eI;
SGk0 = eAI*Rk0*sgk0;
GSk0 = SGk0';
GGk0 = (gsk0*RowSI*Rk0*sgk0) + ggk0;
%Calculate SSk1, GGk1, SGk1 TOTAL EXCHANGE AREAS for k1
Rk1 = inv(AI - ssk1*RowSI);
SSk1 = eAI*Rk1*ssk1*eI;
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SGk1 = eAI*Rk1*sgk1;
GSk1 = SGk1';
GGk1 = (gsk1*RowSI*Rk1*sgk1) + ggk1;
%Calculate SSk2, GGk2, SGk2 TOTAL EXCHANGE AREAS for k2
Rk2 = inv(AI - ssk2*RowSI);
SSk2 = eAI*Rk2*ssk2*eI;
SGk2 = eAI*Rk2*sgk2;
GSk2 = SGk2';
GGk2 = (gsk2*RowSI*Rk2*sgk2) + ggk2;
%-----------------End of Total Exchange Area----------------------------------%
%-----------------Start of Direct Flux Area-----------------------------------%
Ts = [T1 T21 T22 T23 T24 T3]; Tg = [T41 T42 T43 T44];
%A(i,j)= A(ROW,COLUMN)
% Defines the matrix columns for Surface to Surface a-coefficients [Ass Here]
for i=1:6 %n
% Defines the matrix rows
for j=1:6 %n
% a-coeff for surface to surface(6 X 6)
Assk0(i,j) = 0.437 + (0.0713e-3 * Ts(i));
Assk1(i,j) = 0.390 - (0.0052e-3 * Ts(i));
Assk2(i,j) = 0.173 - (0.0661e-3 * Ts(i));
end
end
SSfk0 = SSk0.*Assk0; %Surface to Surface Direct Flux
SSfk1 = SSk1.*Assk1;
SSfk2 = SSk2.*Assk2;
% Defines the matrix columns for Surface to Gas a-coefficients [Asg here]
for i=1:6 %n
% Defines the matrix rows
for j=1:4 %n
% a-coeff for surface to gas (6 X 4)
Asgk0(i,j) = 0.437 + (0.0713e-3 * Ts(i));
Asgk1(i,j) = 0.390 - (0.0052e-3 * Ts(i));
Asgk2(i,j) = 0.173 - (0.0661e-3 * Ts(i));
end
end
SGfk0 = SGk0.*Asgk0; %Surface to Gas Direct Flux
SGfk1 = SGk1.*Asgk1;
SGfk2 = SGk2.*Asgk2;
% Defines the matrix columns for Gas to Surface a-coefficients [Ags here]
for i=1:4 %n
% Defines the matrix rows
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for j=1:6 %n
% a-coeff for gas to surface (4 X 6)
Agsk0(i,j) = 0.437 + (0.0713e-3 * Tg(i));
Agsk1(i,j) = 0.390 - (0.0052e-3 * Tg(i));
Agsk2(i,j) = 0.173 - (0.0661e-3 * Tg(i));
end
end
GSfk0 = GSk0.*Agsk0; %Gas to Surface Direct Flux
GSfk1 = GSk1.*Agsk1;
GSfk2 = GSk2.*Agsk2;
% Defines the matrix columns for Gas to Gas a-coefficients [Agg here]
for i=1:4 %n
% Defines the matrix rows
for j=1:4 %n
% a-coeff for gas to gas (4 X 4)
Aggk0(i,j) = 0.437 + (0.0713e-3 * Tg(i));
Aggk1(i,j) = 0.390 - (0.0052e-3 * Tg(i));
Aggk2(i,j) = 0.173 - (0.0661e-3 * Tg(i));
end
end
GGfk0 = GGk0.*Aggk0; %Gas to Gas Direct Flux
GGfk1 = GGk1.*Aggk1;
GGfk2 = GGk2.*Aggk2;
SSf=SSfk0 + SSfk1 + SSfk2;
SGf=SGfk0 + SGfk1 + SGfk2;
GSf=GSfk0 + GSfk1 + GSfk2;
GGf=GGfk0 + GGfk1 + GGfk2;
%-----------------End of Direct Flux Area-------------------------------------%
%-----------------End of Main Program---------------------------------------------%
TEF = [SSf SGf;GSf GGf];%Total Exchange Flux
%-- Calculate radiative energy EXCHANGE in and out of each zone
E1rad=ct*T1^4;E21rad=ct*T21^4;E22rad=ct*T22^4;
E23rad=ct*T23^4;E24rad=ct*T24^4;E41rad=ct*T41^4;
E42rad=ct*T42^4;E43rad=ct*T43^4;E44rad=ct*T44^4;E3rad=ct*T3^4;
E = [E1rad E21rad E22rad E23rad E24rad E3rad E41rad E42rad E43rad E44rad]';
oneby10 = [1 1 1 1 1 1 1 1 1 1];
%ZONE 1
% Nett radiative energy in S1S1*E1 + S21S1*E21 + S22S1*E22 + .....
E1in = E'*TEF(:,1);
% Nett radiative energy out S1S1*E1+ S1S21*E1 + S1S22*E1....
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E1out = TEF(1,:)*E1rad*oneby10';
%T41 = E41/(0.06347*993);
T1 = E1/(4.77*448);
%Conductive Energy Transfer from the gas zone to end wall
%Es1g41 = 22.5*h1*0.003*(T41 - T1);
%Based on the Nusselt number
Es1g41 = (AreaS(1)^.25)*29.3431*(Qin^.75)*(T41 - T1);
%Conductive heat loss to the outer liner through the saffil; Assumed = 0.315W/mK
Eambs1 = (AreaS(1)/0.1)*.315*(T1 - Tamb);
%Combustion energy release
E1comb = 0;
%Accumulated Energy
E1new = E1 + (E1in - E1out + Es1g41 - Eambs1 + E1comb);
%ZONE 21
% Nett radiative energy in S1S21*E1 + S21S21*E21 + S22S21*E22 + .....
E21in = E'*TEF(:,2);
% Nett radiative energy out S21S1*E21+ S21S21*E21 + S21S22*E21 + ....
E21out = TEF(2,:)*E21rad*oneby10';
%T41 = E41/(0.06347*993);
T21 = E21/(38.21*448);
%Conductive Energy Transfer from the gas zone to surrounding wall
%Es21g41 = 22.5*h2*0.003*(T41 - T21);
Es21g41 = (AreaS(2)^.25)*29.3431*(Qin^.75)*(T41 - T21);
%Conductive heat loss to the outer liner through the saffil
Eambs21 = (AreaS(2)/0.1)*.315*(T21 - Tamb);
%Conductive Energy Transfer -zero as zone 1 is a solid
%E21Qin = Qin*488*T41;
%E21Qout = Qin*488*T21;
%Combustion energy release
E21comb = 0;
%Accumulated Energy
E21new = E21 + (E21in - E21out + Es21g41 - Eambs21 + E21comb);
%ZONE 22
% Nett radiative energy in S1S22*E1 + S21S22*E21 + S22S22*E22 + .....
E22in = E'*TEF(:,3);
% Nett radiative energy out S22S1*E22+ S22S21*E22 + S22S22*E22 + ....
E22out = TEF(3,:)*E22rad*oneby10';
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T42 = E42/(0.06347*993);
T22 = E22/(38.21*448);
%Conductive Energy Transfer from the gas zone to surrounding wall
%Es22g42 = 22.5*h2*0.003*(T42 - T22);
Es22g42 = (AreaS(2)^.25)*29.3431*(Qin^.75)*(T42 - T22);
%Conductive heat loss to the outer liner through the saffil
Eambs22 = (AreaS(2)/0.1)*.315*(T22 - Tamb);
%Combustion energy release
E22comb = 0;
%Accumulated Energy
E22new = E22 + (E22in - E22out + Es22g42 - Eambs22 + E22comb);
%ZONE 23
% Nett radiative energy in S1S23*E1 + S21S23*E21 + S22S23*E22 + .....
E23in = E'*TEF(:,4);
% Nett radiative energy out S23S1*E23+ S23S21*E23 + S23S22*E23 + ....
E23out = TEF(4,:)*E23rad*oneby10';
T43 = E43/(0.06347*993);
T23 = E23/(38.21*448);
%Conductive Energy Transfer from the gas zone to surrounding wall
%Es23g43 = 22.5*h2*0.003*(T43 - T23);
Es23g43 = (AreaS(2)^.25)*29.3431*(Qin^.75)*(T43 - T23);
%Conductive heat loss to the outer liner through the saffil
Eambs23 = (AreaS(2)/0.1)*.315*(T23 - Tamb);
%Combustion energy release
E23comb = 0;
%Accumulated Energy
E23new = E23 + (E23in - E23out + Es23g43 - Eambs23 + E23comb)+ 0*E230;
%ZONE 24
% Nett radiative energy in S1S24*E1 + S21S24*E21 + S22S24*E22 + .....
E24in = E'*TEF(:,5);
% Nett radiative energy out S24S1*E24+ S24S21*E24 + S24S22*E24 + ....
E24out = TEF(5,:)*E24rad*oneby10';
T44 = E44/(0.06347*993);
T24 = E24/(38.21*448);
%Conductive Energy Transfer from the gas zone to surrounding wall
%Es24g44 = 22.5*h2*0.003*(T44 - T24);
Es24g44 = (AreaS(2)^.25)*29.3431*(Qin^.75)*(T44 - T24);
282

%Conductive heat loss to the outer liner through the saffil
Eambs24 = (AreaS(2)/0.1)*.315*(T24 - Tamb);
%Combustion energy release
E24comb = 0;
%Accumulated Energy
E24new = E24 + (E24in - E24out + Es24g44 - Eambs24 + E24comb);
%ZONE 3
% Nett radiative energy in S1S3*E1 + S21S3*E21 + S22S3*E22 + .....
E3in = E'*TEF(:,6);
% Nett radiative energy out S3S1*E3+ S3S21*E3 + S3S22*E3 + ....
E3out = TEF(6,:)*E3rad*oneby10';
T44 = E44/(0.06347*993);
T3 = E3/(4.77*448);
%Conductive Energy Transfer from the gas zone to end wall
%Es3g44 = 22.5*h1*0.003*(T44 - T3);
Es3g44 = (AreaS(1)^.25)*29.3431*(Qin^.75)*(T3 - T44);
%Conductive heat loss to the outer liner through the saffil
Eambs3 = (AreaS(1)/0.1)*.315*(T3 - Tamb);
%Combustion energy release
E3comb = 0;
%Accumulated Energy
E3new = E3 + (E3in - E3out + Es3g44 - Eambs3 + E3comb);
%ZONE 41
% Nett radiative energy in S1S21*E1 + S21S21*E21 + S22S21*E22 + .....
E41in = E'*TEF(:,7);
% Nett radiative energy out S21S1*E21+ S21S21*E21 + S21S22*E21 + ....
E41out = TEF(7,:)*E41rad*oneby10';
%T41 = E41/(0.06347*993);
T21 = E21/(38.21*448);
%Conductive Energy Transfer from the gas zone to surrounding wall
Eg41s21 = -Es21g41; %22.5*0.003*(T21 - T41);
Eg41s1 = -Es1g41;
%Conductive heat loss to the outer liner through the saffil
Eambs41 = 0;
%Radiation loss through openings
Eradopening41 = 0.01*ct*0.041*(T41^4 - Tamb^4);
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%Conductive Energy Transfer -zero as zone 1 is a solid
E41Qin = Qrec*488*T42;
E41Qout = (Qin+Qrec)*488*T41;
%Combustion energy release
E41comb = Egascomb*4/4;
%Accumulated Energy
E41new = E41 + (E41in - E41out + Eg41s21 + Eg41s1 - Eambs41 + E41comb + E41Qin E41Qout - Eradopening41);
%ZONE 42
% Nett radiative energy in S1S21*E1 + S21S21*E21 + S22S21*E22 + .....
E42in = E'*TEF(:,8);
% Nett radiative energy out S21S1*E21+ S21S21*E21 + S21S22*E21 + ....
E42out = TEF(8,:)*E42rad*oneby10';
T42 = E42/(0.06347*993);
T22 = E21/(38.21*448);
%Conductive Energy Transfer from the gas zone to surrounding wall
Eg42s22 = -Es22g42; %22.5*0.003*(T22 - T42);
%Conductive heat loss to the outer liner through the saffil
Eambs42 = 0;
%Conductive Energy Transfer -zero as zone 1 is a solid
E42Qin = (Qin+Qrec)*488*T41 + Qrec*488*T43;
E42Qout = (Qin+(2*Qrec))*488*T42;
%Combustion energy release
E42comb = Egascomb*0/4;
%Accumulated Energy
E42new = E42 + (E42in - E42out + Eg42s22 - Eambs42 + E42comb + E42Qin - E42Qout);
%ZONE 43
% Nett radiative energy in S1S21*E1 + S21S21*E21 + S22S21*E22 + .....
E43in = E'*TEF(:,9);
% Nett radiative energy out S21S1*E21+ S21S21*E21 + S21S22*E21 + ....
E43out = TEF(9,:)*E43rad*oneby10';
T43 = E43/(0.06347*993);
T23 = E23/(38.21*448);
%Conductive Energy Transfer from the gas zone to surrounding wall
Eg43s23 = -Es23g43 ;%22.5*0.003*(T23 - T43);
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%Conductive heat loss to the outer liner through the saffil
Eambs43 = 0;
%Conductive Energy Transfer -zero as zone 1 is a solid
E43Qin = (Qin+Qrec)*488*T42 + Qrec*488*T44;
E43Qout = (Qin+(2*Qrec))*488*T43;
%Combustion energy release
E43comb = Egascomb*0/8;
%Accumulated Energy
E43new = E43 + (E43in - E43out + Eg43s23 - Eambs43 + E43comb + E43Qin - E43Qout);
%ZONE 44
% Nett radiative energy in S1S21*E1 + S21S21*E21 + S22S21*E22 + .....
E44in = E'*TEF(:,10);
% Nett radiative energy out S21S1*E21+ S21S21*E21 + S21S22*E21 + ....
E44out = TEF(10,:)*E44rad*oneby10';
T44 = E44/(0.06347*993);
T24 = E24/(38.21*448);
%Conductive Energy Transfer from the gas zone to surrounding wall
Eg44s24 = -Es24g44; %22.5*0.003*(T24 - T44);
Eg41s3 = -Es3g44;
%Conductive heat loss to the outer liner through the saffil
Eambs44 = 0;
%Radiation loss through openings
Eradopening44 = ct*0.041*(T44^4 - Tamb^4);
%Conductive Energy Transfer -zero as zone 1 is a solid
E44Qin = (Qin+Qrec)*488*T43;
E44Qout = (Qin+Qrec)*488*T44; %Flow out the exhaust
%Combustion energy release
E44comb = Egascomb*0/8;
%Accumulated Energy
E44new = E44 + (E44in - E44out + Eg44s24 + Eg41s3 - Eambs44 + E44comb + E44Qin E44Qout - Eradopening44);
%--------------Update Temperatures and energies
E1 = E1new;E3 = E3new;
E21 = E21new;E22 = E22new;E23 = E23new;E24 = E24new;
E41 = E41new;E42 = E42new;E43 = E43new;E44 = E44new;
Temp1(SimStep)=T1 ;Temp21(SimStep)=T21;Temp22(SimStep)=T22;
Temp23(SimStep)=T23;Temp24(SimStep)=T24;Temp41(SimStep)=T41;
Temp42(SimStep)=T42;Temp43(SimStep)=T43;Temp44(SimStep)=T44;
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Temp3(SimStep)=T3 ;
times(SimStep) = SimStep;
if SimStep == trace
trace
trace = trace + 1000;
end
end
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Appendix 2 – Kiln thermal model blocks and simulation code listing
Cusp Surface Zone Block – Used to model 9 cusp zones in the kiln. The block is
configured through the pop-up menu shown below.
SS matrix

Row

In2

SjS1 From Zone

Cp*mass

Total Exchange
Areas

Temperature
2

S1Sj From enclosure to Zone

Column

1
In1

Constant

ro*T^4

MATLAB
Function

Rin

Radiation
Total

1
s
Integrator

Dot Product1

T^4
MATLAB
Function

f(u)

Rout

Extract Zone Temp

Multiply by
Stefan Bolzman
Constant

Energy
Total

MATLAB
Function

Product4

Sum2

Product3

Emwall*a
Wall Emissivity
times area

Product1
Emsaff*a
Saffil Emissivity
times area

f(u)

MATLAB
Function

cusp1

Temperature difference
by csa1
Gas Flow
3
In3

MATLAB
Function

f(u)

convective coefficient
between wall and gas

Product2

Multiply by
Stefan Bolzman
Constant 1

Convection from gas to wall
Dot Product2

Fcn1
f(u)

Conduction
through
saffil

Conductivity1
u(1)
Surface
Temperature

Tamb

f(u)

f(u)

1
s

Ambient Air Temperature

Conductivity

Fcn4

Integrator1

Conduction through the wall
2
Gain

Figure A2.1. Code used in the cusp block.

SS
TempIn

S1

TempOut

Gas Flow
Cusp Zone2

Figure A2.2. Cusp block with configuration pop-up menu.
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Ts1
t3

1
Out1

Lobe Surface Zone Block

SS matrix

Column

1
Row

In1

S1Sj From Enclosure to Zone
SjS1 From Zone

Cp*mass

Total Exchange
Areas

Temperature
MATLAB
Function

2
In2

ro*T^4

Exact Zone
Temperature
5

Radiation and conduction
Between Bed and wall

Is the bed in this Lobe

MATLAB
Function

3

Product4

Sum2

Product3

NEQ

Conduction from gas

Temperature difference
by csa

In3

Equal
Switch2

MATLAB
Function

In7

Gas Flow

MATLAB
Function

Value Out1
EQU

0
Dot Product2

Equal
Switch3

No bed

f(u)
Stefan Boltzman
Constant

f(u)

convective coefficient
between wall and gas

Integrator

EQU

Rout

MATLAB
Function

Product1

Emwall*a

Fcn1

inner wall temp2
f(u)

Emsaff*a

Product2

Fcn5

inner wall temp3

4

1
s

Value Out1

Dot Product1

T^4

Constant

Radiation

NEQ

Rin

Bed in lobe

lobe 2

In6

f(u)
Conductivity1
u(n)
Zone Temperature

Tamb

f(u)

f(u)

1
s

Conductivity

Fcn4

Integrator1

Conduction through the wall

Ambient Air Temperature

2
Gain

Ts2
t3

Figure A2.3. Code used in the lobe surface zone block.

SS
TempIn
Gas Flow

S2

TempOut

Bed in Lobe
Bed Energy
Lobe Zone

Figure A2.4. Lobe surface zone block with configuration pop-up menu.
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1
Out1

End Surface Zone Block
SS matrix

S1Sj

Column

1

SjS1

Row

In1

Total Exchange
Areas

Cp*mass
Constant

Temperature
2
In2

1
s

Radiation

Rout

ro*T^4

MATLAB
Function

Integrator

Dot Product1

MATLAB Fcn
MATLAB
Function

Rin

MATLAB Fcn5

MATLAB
Function

Product4

Sum2

Product3

Conduction through saffil

MATLAB
Function
cond thro saffil
MATLAB
Function

Conduction from gas

Temperature difference
by csa1

3

4

MATLAB
Function

Gas Flow

In3

convective coefficient
between wall and gas
Kiln Speed

f(u)

In4

5

Switch1

Dot Product2

MATLAB
Function
Kiln bed temperature

Conduction from bed

Fcn

Dot Product3

MATLAB Fcn1

In5
6

Bed in lobe

In6

Figure A2.5. Code used in the end surface zone block.

SS
TempIn
Gas Flow
Kiln Speed

S 19

TempOut

Bed Temp
Bed in Lobe
End Surface Zone

Figure A2.6. End surface block with configuration pop-up menu.

289

1
Out1

Centre Gas Zone Block

SS matrix

SjS1

Column
1

trace
t1

S1Sj

Row

In1

NUMBER 29
BURNER CENTRE

Total Exchange
Areas1
1
s

Temperature
2
In2

ro T^4

MATLAB
Function

Radiation

Rin

MATLAB
Function

Rout

MATLAB
Function

airflow in kg2

airflow in kg6

V*ro
Product5

zone gas mass in kg3

Advection
in

flow into zone from flame

MATLAB
Function

flame temperature

MATLAB Fcn1

Product1

Gas Flow
u(1)*.15

3
In3

f low out of zone

Fcn2

Advection
Out

MATLAB
Function
MATLAB
Function

MATLAB Fcn2

Product2

zone temperature

MATLAB Fcn4
MATLAB
Function

Wall temperature

Convection to wall
Zone flow

MATLAB Fcn7

Product6

f(u)
Fcn1

0
airflow in kg1

Figure A2.7. Code used in the center gas zone block.
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TempIn
Qin

1
Out1

trace2
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MATLAB Fcn6

Product3

Cp

In4

Integrator

Dot Product1

MATLAB Fcn

MATLAB Fcn5

4

Product4

G 29 TempOut

Flame Temp
Centre Gas Zone

Figure A2.8. Centre gas zone block with configuration pop-up menu.
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t2

Annular Gas Zone Block
SS matrix

SjS1

Column
1

NUMBER 31
ANNULAR GAS ZONE IN

S1Sj

Row

In1

Total Exchange
Areas1
1
s

Temperature
ro T^4

MATLAB
Function

2
In2

Radiation

Rin

Product4

Integrator

Dot Product1

MATLAB Fcn
MATLAB
Function
MATLAB Fcn5
Cp

MATLAB
Function

Rout
Product3

airflow in kg2

MATLAB Fcn9

MATLAB
Function

trace4

MATLAB Fcn6

t2

V*ro
MATLAB
Function

Dot Product2
Product7

Flame temperature

Tint

Product5

airflow in kg3

4

Advection
in

airflow in kg6

MATLAB Fcn10

In4
Product1

burner flow into zone
6

f(u)

In6

Fcn3

Gas Flow
3

MATLAB
Function

Column

MATLAB Fcn1

Row

In3

Total Exchange
Areas2
MATLAB
Function

MATLAB
Function

trace7
t3

Wall temperature

MATLAB
Function

Advection
Out

MATLAB Fcn2

Product2

zone temperature

MATLAB Fcn4

MATLAB Fcn7

Convection to wall

Product6

MATLAB
Function

f(u)

MATLAB Fcn8

Fcn1

5
In5

1
Out1

Tramp air flow

f(u)
Fcn2

flowzone31
t1

Figure A2. 9. Code used in the annular gas zone block.

SS
TempIn
Qin
G 31 TempOut
Flame Temp
Qtramp
Qcomb
Annular Gas Zone

Figure A2.10. Annular gas zone block with configuration pop-up menu.
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Lobe Gas Zone Block

SS matrix

SjS1

Column
1

S1Sj

Row

In1

NUMBER 33

Total Exchange
Areas1

Temperature
2
In2

1
s

ro T^4

MATLAB
Function

Radiation

Rin
Dot Product1

MATLAB Fcn
MATLAB
Function

MATLAB
Function

MATLAB Fcn3

MATLAB Fcn5

Rout

Product3

Cp
airflow in kg2

MATLAB
Function
MATLAB Fcn6

V*ro
Product5

airflow in kg3

Advection
in
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Gas Flow

Row

MATLAB
Function

flow into zone

Column

3
In3

Product4

MATLAB Fcn1

Dot Product2
Product1

f low out of zone

Total Exchange
Areas3
MATLAB
Function

MATLAB
Function
Product2

zone temperature

Advection
Out

MATLAB Fcn2

MATLAB Fcn4
MATLAB
Function

Wall temperature

Convection to wall

MATLAB Fcn7

Product6

MATLAB
Function

f(u)

MATLAB Fcn8
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Figure A2.11. Code used in the lobe gas zone block.
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TempIn

G 33 TempOut

Qin
Lobe Gas Zone

Figure A2.12. Lobe gas zone block with configuration pop-up menu.
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Integrator

1
Out1

Gas Combustion Block
Combustion Products Flow
1
Out1

1
s

FuelCost

Temperature of the Combustion Products
2

t2

Fuel cost
Integrator

Out2
Flame Reaction Temperature
3
Out3
Energy Released by Combustion
4
signal1

Air Flow
1

Out4

signal2

In1

signal3
signal1
signal2
2

signal4
MATLAB
Function

signal5
signal6

Emissions_11.m

signal7

In2
Fuel Flow

signal8
signal9
signal10
signal11
signal12

CO2

H2O

Carbon Dioxide

H2O Emissions

Figure A2. 13. Code used in the gas burner model block.

Prod Flow
Air Flow

Prod Temp
React Temp
Energy Out

Fuel Flow

Emissions
Gas Burner Model

Figure A2.14. Gas burner model block.
The program used is listed below.
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5
Out5

Emissions11.m
function [output]=emissions11(Air,Fuel)
%
function [Xi,Temp
,HHV,Hexh,E]=emissions1(Air,Fuel,T,Texh)
% This program calculates the emissions generated by a gas burner when burning with
different fuel-Air ratios.
% The program calculates the excess air based on the inputs to the program Air (Kg/s) and
Fuel (Kg/s).
% The program calculates the emissions based on percentage of the products of combustion
which varies with temperature.
% The adiabatic flame temperature is calculated, Temp, and for a given exhaust temperature,
the heat produced by combustion,
% the heat loss to the stack are calculated
% Max gas flow for a 248 kW burner is 4.4604e-3 kg/s of natural gas. The gas is assumed to
have a
% calorific value of 55.6 MJ per Kg of fuel.
%
% variables are defined as follows~:
%
x1
H
%
x2
O
%
x3
N
%
x4
H2
%
x5
OH
%
x6
CO
%
x7
NO
%
x8
O2
%
x9
H2O
%
x10
CO2
%
x11
N2
%
% Xi =[x1 x2 ... x11] in percentage
% Temp = Flame adiabatic flame temperature
% HHV = The heat energy in KW released by the combustion
% Hexh = the heat lost by the products up the exhaust
% E = The excess air used in combustion
%
% Air = Combustion air in Kg
% Fuel = Combustion methane gas in Kg
% T = initial guess at the temperature of combustion in deg K
% Texh = The exhaust temperature in deg K
%Calculate the Excess Air
E = ((Air/Fuel)/17.2637)-1;
%Calculate the Equivalence ratio F
F = 1/(1+E);
% Guess initial temperature of combustion based on F
T=polyval([ -87.494 746.35 -2406.7 3948.8],1/F);
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Texh=1000;
T=T/1000;% scaling to fit curve data
p=1;% assume the pressure is atmospheric
n=1;m=4;% default to methane gas always
R = 8.31433278418451; %Universal Gas Constant
%Thermochemical Tables for fitting log10(Kp)=(g/RT)reactants - (g/RT)products over a range
of temperatures
a=[ 0.432168 0.310805 0.389716 0 -0.141784 0 0.0150879 0 -0.752364 0.00415302];
b=[-11.2464 -12.954 -24.5828
0 -2.13308 0 -4.70959 0 12.421
14.8627
];
c=[ 2.67269 3.21779 3.14505 0 0.853461 0 0.646096 0 -2.60286 -4.75746
];
d=[ -0.0745744 -0.0738336 -0.096373 0 0.0355015 0 0.00272805 0 0.259556
0.124699 ];
e=[ 0.00242484 0.00344645 0.00585643 0 -0.00310227 0 -0.00154444 0 -0.0162687
-0.00900227];
% Loop to calculate K1, K2, K3, K5, K7, K9, K10 as k(1), k(2) etc Results = 1 denote values
not required
for i=1:10
k(i)=10^( (a(i)*log(T))+ b(i)/T + c(i) + d(i)*T + e(i)*(T^2));
end
% calculate the coefficients for equation 11
sqrtp=sqrt(p);
c=[k(1)/sqrtp k(2)/sqrtp k(3)/sqrtp 0 k(5) 0 k(7) 0 k(9)*sqrtp k(10)*sqrtp];
r=(n +m/4)/F;
% First guesstimate of x13 depending on the fuel/air ratio
if F>1
x13=1/(n+m/2 + 3.7374*r + 0.0444*r);
else
x13=1/(m/4 + (4.7374 + 0.0444)*r);
end
% find using zero crossing the root of the equation (16-6)
y=0.001;dy=y;
for jj=1:1000
zz= ((2*c(10)*n*y)+n)/(1 + c(10)*y) + ((0.5*c(9)*m*y)/(1+ c(9)*y)) + (2*y*y/x13) -2*r;
if zz>0
y=y - dy;
dy=dy/2;
else
y=y + dy;
end
end
% Now calculate the first guesstimate for x11, x6 and x4 using the value for x4
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x8 = y*y;
x11= 3.7374*r*x13;
x6= n*x13/(1+ c(10)*sqrt(x8));
x4= 0.5*m*x13/(1 + c(9)*sqrt(x8));
%find the exact solution for x1 to x11
for jj=1:1000
%calculate the taylor series expansion coefficients
T14 = 0.5*c(1)/sqrt(x4);
T28 = 0.5*c(2)/sqrt(x8);
T311 = 0.5*c(3)/sqrt(x11);
T54 = 0.5*c(5)*sqrt(x8/x4);
T58 = 0.5*c(5)*sqrt(x4/x8);
T78 = 0.5*c(7)*sqrt(x11/x8);
T711 = 0.5*c(7)*sqrt(x8/x11);
T94 = c(9)*sqrt(x8);
T98 = 0.5*c(9)*sqrt(x4/x8);
T106 = c(10)*sqrt(x8);
T108 = 0.5*c(10)*sqrt(x6/x8);
% calculate the initial guesses for x1, x2, x3, x5, x7, x9, x10
x1 = c(1)*sqrt(x4);
x2 = c(2)*sqrt(x8);
x3 = c(3)*sqrt(x11);
x5 = c(5)*sqrt(x4*x8);
x7 = c(7)*sqrt(x8*x11);
x9 = c(9)*x4*sqrt(x8);
x10= c(10)*x6*sqrt(x8);
% calculate the A matrix
A(1,1)= T14 + 2 + T54 + 2*T94;
A(1,2)= (-m/n)*(1+T106);
A(1,3) = T58 + 2*T98 - (m/n)*T108;
A(1,4) = 0;
A(2,1) = T54 + T94;
A(2,2) = 1 + 2*T106 - (2*r/n)*(1+T106);
A(2,3) = T28 + T58 + T78 +2 + T98 + 2*T108 - (2*r/n)*T108;
A(2,4) = T711;
A(3,1) = 0;
A(3,2) = (-3.7374*2*r/n)*(1+T106);
A(3,3) = T78 - (3.7374*2*r/n)*T108;
A(3,4) = T311 + T711 + 2;
A(4,1) = T14 + 1 + T54 + T94;
A(4,2) = 1 + T106 + (0.0444*r/n)*(1+T106);
A(4,3) = T28 + T58 + T78 +1 + T98 + T108 + (0.0444*r/n)*T108;
A(4,4) = T311 + T711 + 1;
%calculate the B matrix
B(1,1) = -(x1 + 2*x4 + x5 + 2*x9) + (m/n)*(x6 + x10);
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B(2,1) = -(x2 + x5 + x6 +x7 + 2*x8 + x9 + 2*x10) + (2*r/n)*(x6 + x10);
B(3,1) = -(x3 + x7 + 2*x11) + (3.7374*2*r/n)*(x6 + x10);
B(4,1) = 1 - (0.0444*r/n)*(x6 + x10) - (x1 + x2 + x3 + x4 + x5 + x6 + x7 + x8 + x9 + x10 + x11);
% calculate delta x (change in x values) deltax= inv(A)*B
deltax=A\B;
deltax4=deltax(1,1);
deltax6=deltax(2,1);
deltax8=deltax(3,1);
deltax11=deltax(4,1);
if abs(deltax4) <= 0.005e-9 & abs(deltax6) <= 0.005e-9 & abs(deltax8) <= 0.005e-9 &
abs(deltax11) <= 0.005e-9
break
end
% Calculate the updated values of x
x4= x4 + deltax4;
if x4 <= 0
x4= x4 - deltax4;
end
x6= x6 + deltax6;
if x6 <= 0
x6 = x6 - deltax6;
end
x8 = x8 + deltax8;
if x8 <= 0
x8 = x8 - deltax8;
end
x11 = x11 + deltax11;
if x11 <= 0
x11 = x11 - deltax11;
end
end
x1 = c(1)*sqrt(x4);
x2 = c(2)*sqrt(x8);
x3 = c(3)*sqrt(x11);
x5 = c(5)*sqrt(x4*x8);
x7 = c(7)*sqrt(x8*x11);
x9 = c(9)*x4*sqrt(x8);
x10= c(10)*x6*sqrt(x8);
x13= x4/( 0.5*m/(1 + c(9)*sqrt(x8)));
x12 = x13*0.0444*(n +m/4)/F;
% Define the molar mass of each product
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Mxi = [1.008 16 14.007 2.016 17.007 28.01 30.006 31.999 18.016 44.011 28.013];
Xi = [x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12];
%
x1
H 1.008
%
x2
O 16.0
%
x3
N 14.007
%
x4
H2 2.016
%
x5
OH 17.007
%
x6
CO 28.01
%
x7
NO 30.006
%
x8
O2 31.999
%
x9
H2O 18.016
%
x10
CO2 44.011
%
x11
N2 28.013
%
x13
CH4 16.043
%Calculate the products mass total
M=0;
for i=1:11
M=M+ Xi(i)*Mxi(i);
end
%Look-up table to clculate the enthalpy of the products as a function of temperature
% The equation is from Turns book a1 + a2*T/2 + a3*T^2/3 + a4*T3/4 + a5*T4/5 + a6/T
%Calculate the initial enthalpy of the proucts (between 1000 and 5000 deg K)
c = [2.5 0 0 0 0 0.02547162e6 -0.04601176e1];
c = [c;2.542059 -0.02755061e-3 -0.03102803e-7 0.04551067e-10 -0.04368051e-14
0.0292308e6 0.04920308e2];
c = [c;2.450268
0.10661458e-3 -0.07465337e-6 0.01879652e-9 -0.10259839e-14
0.05611604e6 0.04448758e2];
c = [c;2.991423 0.07000644e-2 -0.05633828e-6 -0.09231578e-10 0.15827519e-14 0.0835034e4 -0.13551101e1];
c = [c;2.88273
0.10139743e-2 -0.02276877e-5 0.02174683e-9 -0.05126305e-14
0.03886888e5 0.05595712e2];
c = [c;3.025078
0.14426885e-2 -0.05630827e-9 0.10185813e-9 -0.0691095e-13 0.1426835e5 0.06108271e2];
c = [c;3.245435 0.12691383e-2 -0.0501589e-5 0.09169283e-9 -0.06275419e-13 0.098008e5
0.06417293e2];
c = [c;3.697578 0.06135197e-2 -0.1258842e-6 0.01775281e-9 -0.11364354e-14 0.12339301e4 0.03189165e2];
c = [c;2.672145 0.03056293e-1 -0.0873026e-5 0.12009964e-9 -0.06391618e-13 0.02989921e-6 0.06862817e2];
c = [c;4.453623 0.03140168e-1 -0.12784105e-5 0.02393996e-8 -0.16690333e-13 0.04896696e6 -0.09553959e1];
c = [c;2.92664 0.14879768e-2 -0.0568476e-5 0.10097038e-9 -0.06753351e-13 0.09227977e4 0.05980528e2];
%Enthalph values at 298 degK KJ/Kmol
h298 = [217977 249197 472629 0 38985 -110541 90297 0 -241845 -393546 0];
%Calculate the temperature that makes the products enthalpy equal to zero
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%Calculate specific heat at constant pressure cp (function of T)
Temp = T*1000; dTemp = Temp;
for jj=1:1000
%Calculate new enthalpty value at new temperature for each product component
% and cp value
for i=1:11
hh=0;ccp=0;
for j=1:5
hh =hh + c(i,j)*(Temp^(j-1))/j;
ccp =ccp + c(i,j)*(Temp^(j-1));
end
h(i) = (hh*Temp + c(i,6))*R;
cp(i) = ccp*R;
end
%Calculate total enthalpy of products
Hprod = 0;
for i=1:11
Hprod = Hprod + Xi(i)*(h298(i) + cp(i)*(Temp -298));
end
% Zero crossing calculations
if abs(Hprod) < 0.1
break
end
if Hprod > 0
Temp=Temp - dTemp;
dTemp=dTemp/2;
else
Temp=Temp + dTemp;
end
end
%Calculate the enthalpy of the products in KJ/Kmol
Hnew = 0;
for i=1:11
Hnew = Hnew + Xi(i)*h(i);
end
% Calculate the energy release (HHV) Hrel = Hgas(298) -Hprod(298)
Hprod298 =0;
for i=1:11
Hprod298 = Hprod298 + Xi(i)*h298(i);
end
Hrel = -(Hprod298 + x13*74831);
HHV = Hrel/(16.043*x13);
%Calculate the Exhaust energy losses
% First calculate the specific heat of the products at the exhaust temperature
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% and the enthalpy of the products
%for i=1:11
% hexh=0;ccpexh=0;
% for j=1:5
% hexh =hexh + c(i,j)*(Texh^(j-1))/j;
% ccpexh =ccpexh + c(i,j)*(Texh^(j-1));
% end
% h(i) = (hexh*Texh + c(i,6))*R;
% cp(i) = ccpexh*R;
%end
%Calculate total enthalpy of products (based on one Kg of reactants)
Hexh = 0;
for i=1:11
mass(i) = (Xi(i)*Mxi(i)*(Air+Fuel))/M;
masscpprod(i) = mass(i)* (cp(i)*Mxi(i)) ;
Hexh = Hexh + (mass(i)*cp(i)*Mxi(i)*(Texh));
end
Tproducts = HHV*1e3*Fuel/(sum(masscpprod));
%Scale the outputs based on the fuel used
HHV = HHV *Fuel*1e3;
Hexh = Hexh *1e3;
%Convert the molar fractions into emissions in percentage
Xi = Xi*100;
% Define the output to be one matrix of length 16
output = [Tproducts Temp HHV Xi];
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Appendix 3 – Kiln Pellet model blocks and code listing
Kiln Bed Zone Block
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Figure A3.1. Code used in the kiln bed model block.
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Figure A3.2. Kiln bed zone 3 block.
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Figure A3.3. Code used in the kiln pellet model block.
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Figure A3. 4. Pilot Plant pellet block.
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Figure A3.5. Code used in the residence time model block.
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Figure A3.6. Residence time model block.
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2

Res Time

Residence_calculator_3.m
function output= resident_calculator3(QinT,QoutT,Tsim)
% This program calculates the residence time of the material exiting the kiln.
% During the filling phase the residence time is the simulation time.
% Once the kiln starts to discharge pellets, the residence time is the difference in
% time between when the integral of the inlet pellet feed-rate is equal to the
% integral of the pellet outlet flow. This is possible as the pellet feed-rate
% is monotomically increasing.
% Model inputs:
%
QinT - Integral of the pellet inlet feed-rate kg
%
QoutT - Integral of the pellet inlet feed-rate kg
%
Tsim - Simulation clock
% Define the global parameters that can be used in the next simulation step
global Tout QinTout ResTime HopOffTime
% If time is below 60 sec
if Tsim < 60
Tout=0;
QinTout=0;
ResTime = 0;
HopOffTime = 0;
elseif QinT == 0
Tout = Tsim;
QinTout = QinT;
HopOffTime = Tsim;
else
% Update the time matrix and Total flow matrix
Tout = [Tout Tsim];
QinTout =[QinTout QinT];
% Locate where the OutFlow total lies relative to the InFlow total
L = max(find(QinTout < QoutT));
U = min(find(QinTout > QoutT));
AA=size(U);BB=size(L);
% If the Outflow total doesnt exist below QinTout
if AA(1) & AA(2) == 0
% Calculate the residence time
ResTime = Tsim - HopOffTime;
% If the Outflow total exist above QinTout
elseif BB(1) & BB(2) == 0
% Calculate the residence time
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ResTime = Tsim - HopOffTime;
else
% Calculate the residence time
ResTime = Tsim - ( (Tout(U)-Tout(L))*(QoutT - QinTout(L))/(QinTout(U)-QinTout(L)) +
Tout(L));
end
end
output = ResTime;
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Get_Residence_time.m

%get_residence_time.m Used in Simulink as a m-file
% inputs are: TrOld = Old Residence Time
%
TvOld = Old Total Volume*Time
%
Qout = flow out of kiln
%
V = weight of pellets in kiln
function [output]=get_residence_time1(input)
Tv = input(1);V = input(3);Qout = input(2);SimTime = input(4);
% If the kiln is empty then the residence time is zero
if V == 0
Tr = 0;
else
% Residence time is time total/kiln volume
Tr = Tv/V;
end
% Calculate Dead time for pellets discharging kiln
if Qout == 0
Td = SimTime;
else
Td = V/Qout;
end
% Output residence time and dead time
output=[Tr Td];
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Internal Flow Calculator Block
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Figure A3.7. Code used in the pellet internal flow between zones model block.
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Figure A3.8. Internal flow calculator block.
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Get_flow_pp.m
% This program calculates the mass flow rate between the three bed zones
% based on the rate of change of bed volumes over time
% The model inputs are:
%
V1,V2,V3 – Bed weights in zone 1 to 3
%
Qin – inlet pellet feed-rate
%
Qout – Pellet flow out of the kiln
%
time – Simulation time
%
function [output] = get_flow_pp(V1,V2,V3,Qin,Qout,time)
function [output] = get_flow_pp(V1,V2,V3,Qin,Qout,time)
%Remember V3 is actually V1 etc (Counter flow)
% Define the global variables for the next simulation step
global V1old V2old V3old Timeold Q1old Q2old Q3old
if time > 0.1
if time <= Timeold
Q1=Q1old;Q2=Q2old;Q3=Q3old;
Timeold = time;V1old = V1;V2old = V2;V3old = V3;Q1old=Q1;Q2old=Q2;Q3old=Q3;
else
% calculate flow for zone 1
if V3 > 0.05
Q1 = Qin - (V1-V1old)/(time-Timeold) ;
% calculate flow for zone 2
Q2 = -(V3-V3old)/(time-Timeold) + Qout;
if Q2<0
Q2 = -(V2-V2old)/(time-Timeold) + Q1;end
% calculate flow for zone 3
Q3 = Qout;
elseif V2 > 0.05
Q1 = Qin - (V1-V1old)/(time-Timeold) ;
% calculate flow for zone 2
Q2 = 0;
% calculate flow for zone 3
Q3 = 0;
else
Q1 = 0;
% calculate flow for zone 2
Q2 = 0;
% calculate flow for zone 3
Q3 = 0;
end
end
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else
Q1 = 0;Q2 =0;Q3 =0;
end
% Setup the variables for the next simulation step
Timeold = time;V1old = V1;V2old = V2;V3old = V3;Q1old=Q1;Q2old=Q2;Q3old=Q3;
output = [Q1 Q2 Q3];
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Lobe Selector Block
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Figure A3.9. Code used in the lobe selector model block.
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Figure A3.10. Lobe selector block.

Kiln_lobe_position.m
function output = kiln_lobe_position1(time,N,HopperOn)
% This m-file calculates what position the pellet bed lies according to the
% numbered output 1, 2, or 3. This depends on the speed of rotation of the
% kiln and the time when the kiln starts to rotate. It is assumed that the
% bed starts in position 1 always.
global ThetaRotation TimeThen
if HopperOn ==0
output = 0;
ThetaNow = 0;
elseif time == 0
ThetaNow =0;
output = 1;
else
ThetaNow = 2*pi*N*(time-TimeThen)/60 + ThetaRotation;
if ThetaNow >= 2*pi
ThetaNow = ThetaNow - 2*pi;
end
Angle = ThetaNow*180/pi;
if Angle >= 0 & Angle < 120
output = 1;
elseif Angle >= 120 & Angle < 240
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output = 2;
elseif Angle >= 240 & Angle < 360
output = 3;
end
end
TimeThen = time;
ThetaRotation = ThetaNow;
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Appendix 4 – Digital PID block and code listing
Digital PID Controller Block
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Figure A4.1. Code used in the lobe selector model block.
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Figure A4.2. Digital PID controller block with configuration pop-up menu.
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Dig_PID.m
function Output = digPID1(t,Error,Tsample,Kp,Ti,Td,OutputMax,OutputMin);
% See dco4init for explanation of
% GLOBAL Variables
global Told1 OutpuTold1 ErrorOld1 ItermSum1
%Initialise the model
if t==0
Pterm = 0;
Iterm = 0; ItermSum1 = 0;
Dterm = 0;
Told1 = 0;
OutpuTold1 = 0;
ErrorOld1 = 0;
Output = Pterm + ItermSum1 + Dterm;
elseif t >= (Told1 + Tsample)
Pterm = Kp*Error;
Iterm = (Ti)*(Error)*(t-Told1);
Dterm = Td*(Error - ErrorOld1)/(t-Told1);
Output = Pterm + Iterm + ItermSum1 + Dterm;
%---Hard limit integrator wind-up
if (Output) > OutputMax
Output = OutputMax;
%ItermSum1 = ItermSum;
elseif (Output) < OutputMin
Output = OutputMin;
%ItermSum1 = ItermSum;
else
ItermSum1 = ItermSum1 + Iterm;
end
Told1 = t; %update sampling time
ErrorOld1 = Error;
OutpuTold1 = Output;

else
Output = OutpuTold1;
end

% Limit the output to lie between its minimum and maximum
if Output > OutputMax
Output = OutputMax;
end
if Output < OutputMin
Output = OutputMin;
End
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